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Abstract 
In order to accurately predict future climate variations induced by natural and anthropogenic 
forcings, we require a detailed understanding of the Earth’s climate system. With such 
temporally limited instrumental records, proxy-based reconstructions are an invaluable source 
of climate information. Current paleoclimate databases indicate a lack of records representing 
the southern hemisphere and tropics; key regions that can be represented by high resolution, 
coral geochemistry-based climate reconstructions.  
Reef coring techniques allow the recovery of significant proportions of coral material from 
throughout the Holocene, Pleistocene and beyond. Given the high species diversity of Indo-
Pacific coral reefs, the presence of massive Porites commonly used for climate reconstruction 
is likely to be limited in reef cores. Corymbose Acropora, however, displays a high 
abundance in modern and fossil reef records and thus could act as a major source of new 
climate information from the Earth’s recent history. 
Previous investigations of Acropora geochemistry have focused on branches, with significant 
levels of secondary thickening smoothing environmental signals otherwise recorded by the 
Sr/Ca ratio paleothermometer. This project investigates the potential of Acropora inter-
branch skeleton as a climate archive, following the identification of annual density banding 
patterns in computed tomography scans. Scanning electron microscopy based documentation 
of structure and growth patterns reveal that inter-branch skeleton is atypical for Acropora. 
Low linear extension rates, a simplified skeletal structure with limited secondary aragonite 
deposition, approximately horizontal density bands and seasonal cyclicity in Sr/Ca ratios bear 
a greater resemblance to massive corals such as Porites. These observations, combined with a 
high abundance in past and present Indo-Pacific reefs, suggest that inter-branch skeletal 
growth in Acropora may prove to be a valuable source of untapped paleoclimate information. 
A site-specific calibration for Acropora inter-branch skeleton Sr/Ca ratios to water 
temperature was conducted using modern corymbose Acropora colonies and concomitant 
instrumental water temperature records from the lagoon and fore-reef slope of Heron Reef, 
southern Great Barrier Reef (GBR). Large inter-colony differences in Sr/Ca ratios were 
observed in the modern cores, suggesting that inter-branch skeleton may not be a suitable 
archive for absolute temperature reconstruction. Normalisation of each Sr/Ca record to the 
corresponding core mean does, however, remove these inter-colony differences and allows 
the reconstruction of the seasonal water temperature amplitude with a sensitivity of −0.05 
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mmol/mol/°C. Application of the resulting transfer equation to the modern inter-branch 
skeleton Sr/Ca record successfully identified the greater seasonal temperature range of the 
lagoon compared to the adjacent reef slope. A site-specific calibration also was completed for 
southern GBR Porites at Heron Reef using the reef slope water temperature record. 
Recent reef coring expeditions on Heron Reef have recovered Porites (U-Th dated at 
5,216±0.041 years before present [BP] and 6,962±0.044 years BP) and corymbose Acropora 
(U-Th dated at 6,128±0.027 years BP) samples from the mid-Holocene. These cores 
represent the suggested period of ‘mid-Holocene Thermal Maximum’ and thus can provide 
significant insights into previous conditions in the southern GBR over a period somewhat 
analogous to present day warming. 
Temperature reconstructions from the two Porites cores suggest cooler summertime and 
mean annual temperatures compared to modern conditions. These results contrast previous 
reconstructions for the inshore central GBR, yet most likely represent differences in the 
environmental reconstruction (reef flat vs reef slope) and/or radiocarbon dating uncertainties, 
rather than a meridional difference in climate response to forcing. Combining our southern 
GBR reconstructions with coral studies from across the tropical and subtropical western 
Pacific suggests a large scale spatial consistency in relative temperature variability over the 
Holocene. The similarities between our higher latitude reconstructions and those from 
Indonesia, Papua New Guinea and New Caledonia suggest that the southern GBR 
experienced a mid-Holocene Thermal Maximum sometime between 6,800–6,000 years BP. 
However, additional reef coring will be required to acquire coral material that dates over this 
suggested warming interval. 
Following changes in the precession cycle, mid-Holocene seasonal temperature amplitudes 
suggest a decrease in mean temperature seasonality at 6,962 and 5,216 years BP. The 
Acropora based reconstruction indicates a slight increase in the seasonal cycle at 6,128 years 
BP, during the presumed warmer interval, although this reconstruction remains within error 
of the modern record. 
This PhD project has provided a novel assessment and application of Sr/Ca ratios 
incorporated within Acropora inter-branch skeleton as an archive for high resolution 
paleothermometry. While the reconstructed seasonal amplitude in water temperature is 
associated with large errors, this new archive may prove useful over longer reconstruction 
periods, with greater temperature variations than experienced over the Holocene. Following 
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an updated Porites calibration specific to the southern GBR, the project successfully utilised 
reef core material to provide the first mid-Holocene water temperatures for the southern GBR 
and provided an updated estimate of the timing of mid-Holocene warming in the GBR. 
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Chapter 1. INTRODUCTION 
 Project Rationale 
Given the current uncertainty regarding the future state of the Earth’s climate, and potential impacts 
that changes may have on both humanity and the environment, there is a significant requirement for 
an enhanced understanding of the Earth’s natural climate variability. In order to determine this 
natural state without the overlying influences of anthropogenic forcing, we require long term 
records of key climate indicators such as temperature and precipitation [Guilderson and Schrag, 
1999]. Unfortunately, instrumental records of environmental variables are typically restricted to the 
latter half of the 20th century [Guilderson and Schrag, 1999; Kilbourne et al., 2004; Kuhnert et al., 
1999], with even fewer oceanic measurements available [Draschba et al., 2000; Jansen et al., 2007; 
Masson-Delmotte et al., 2013; Tierney et al., 2015]. Therefore, high resolution, multi-century ocean 
climate proxies are urgently required [Gagan et al., 1994; Guilderson and Schrag, 1999; Kilbourne 
et al., 2004; Lough, 2010; Quinn and Sampson, 2002; Shen et al., 1996; Tierney et al., 2015]. This 
research project is designed to aid the development of tropical marine paleoclimate data using 
geochemical proxy signals incorporated within the skeletons of reef-building corals recovered in 
Holocene reef cores. 
With the modern rise in global mean temperatures [Trenberth et al., 2007], paleoclimate research 
has largely focused on intervals in the Earth’s recent history when climate was warmer than 
experienced today [Broecker, 2001; Diaz, 2012; Ljungqvist, 2011; Mann et al., 2009]. While these 
intervals do not necessarily represent a high atmospheric CO2 world analogous to the predicted 
system, they can be useful for identifying driving forces in the climate system [Gagan et al., 2000] 
and the effects of such intervals on biological communities. Proxy data from the Holocene epoch 
are of particular importance as they allow analysis of changes in the background climate system, 
such as temperature and orbital forcing, without the added complication of major variations in sea 
level or continental ice cover [Markgraf and Diaz, 2000]. In particular, the Intergovernmental Panel 
on Climate Change (IPCC) Fourth and Fifth Assessment Reports noted a lack of paleoclimate 
datasets representing the tropics and southern hemisphere prior to the last 400 years [IPCC, 2007; 
Masson-Delmotte et al., 2013]. 
The oceans, with a heat capacity 1,000 times that of the atmosphere [IPCC, 2007], are a major 
controlling component of the Earth’s climate and thus key to predicting future climate change. The 
tropical ocean-atmosphere system in particular plays a critical role in global climate dynamics 
[Pierrehumbert, 2000] with phenomena, such as El Niño-Southern Oscillation (ENSO) and the 
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equatorial monsoon, proving difficult to accurately incorporate within climate models [Brown et al., 
2008; Draschba et al., 2000; Dunbar et al., 1994; Gagan et al., 1994; Quinn and Sampson, 2002]. 
Numerical simulations therefore require additional empirical climate data with at least monthly 
resolution [Brown et al., 2008; Gagan et al., 1994]. Sediment cores have been effectively used for 
paleoclimate analysis [e.g., Koutavas and Joanides, 2012; Lu et al., 2012; Monien et al., 2011; Moy 
et al., 2002; Thornalley et al., 2015], but relatively low accumulation rates and bioturbation induced 
disturbance commonly prevent the formation of the high resolution records required by climate 
modellers [Brown et al., 2008; Shen et al., 1992].  
Reef-building corals provide an excellent source of high resolution, temporally constrained climate 
proxy data for the tropical ocean [Cohen and McConnaughey, 2003; Gagan et al., 1994; Gagan et 
al., 2000; Grottoli and Eakin, 2007; Kuhnert et al., 2005; Lough, 2010; Lough and Cooper, 2011; 
Mitsuguchi et al., 1996; Montaggioni and Braithwaite, 2009; Neukom and Gergis, 2012; Sadler et 
al., 2014; Shen et al., 1992]. Individually targeted modern Acropora and Porites colonies of Heron 
Reef, southern GBR, were cored to test the suitability of site specific Sr/Ca-based paleotemperature 
transfer equations for water temperature reconstruction. These empirically derived relationships 
were then applied to fossil material recovered from reef coring operations at Heron Reef, which 
have been dated at around the mid-Holocene Thermal Maximum.  
Improving our understanding of long term environmental and ecological change in the GBR 
through this project may aid in bridging the gap between ecological and geological perspectives on 
reef systems. Over geological timeframes coral reefs are considered relatively resilient stable 
environments capable of re-initiation, whereas ecological perspectives suggest a fragile reef 
ecosystem. The different timescales used by each field of research result in varying interpretations 
of coral reef ecosystems [Hopley et al., 2007]. However, high resolution time series studies at key 
periods across the history of the modern reef, may allow increased integration, thus enhancing our 
ability to understand and predict coral reef behaviour through time. 
 Thesis Outline 
The primary aim of this research is to improve our understanding of Holocene climate in the 
southern Great Barrier Reef (GBR) through the development of site specific paleothermometry 
equations for corals commonly encountered in reef cores, i.e., massive Porites colonies and 
previously untested forms of Acropora. These equations can then be applied to corals from reef 
cores targeting the Holocene reef from below the modern reef flat.  
Chapter 2 provides general details of climate phases through the Holocene, with discussion of three 
key phases in paleoclimate proxy records; the Holocene Thermal Maximum, Medieval Warm 
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Period and the Little Ice Age. With the current lack of paleoclimate data from the southern 
hemisphere sub-tropics, fossil coral material dated from any of the three periods discussed would 
reveal significant insights into the Holocene climate system, and provide initial targets for this PhD 
thesis. Brief discussions are also presented on the El Niño-Southern Oscillation (ENSO) 
phenomenon and changes in the orbital forcing of climate. It is unlikely that reef coring techniques 
will provide significant material for accurate ENSO reconstructions; however, considering the 
importance of ENSO on the tropical Pacific, a brief introduction to the phenomena is provided. 
Chapter 2 also presents a literature review on the growth and evolution of the Holocene Great 
Barrier Reef, oceanography of the region, and introduces the study site of Heron Reef, a lagoonal 
platform reef in the Capricorn Group of reefs of the southern GBR. 
Following the background climate and physical setting information detailed in Chapter 2, Chapter 3 
presents a discussion of how coral skeletons can be used as archives of past climate conditions 
using Sr/Ca ratios and stable oxygen isotope (δ18O) values. Both biochemical and geochemical 
considerations in the interpretation of proxy record to climate signal are presented, which provide 
the backbone of quality control and assurance in this thesis. An important fact in relation to this 
research is that reef cores are likely to contain numerous of coral skeletons that are not species of 
Porites, the common genus for climate reconstructions in the Indo-Pacific. In light of this, the 
second half of Chapter 3 presents details on non-Porites based paleoclimate reconstructions. In this 
review, we acknowledge the high potential within Acropora, a highly abundant genus within both 
the modern day and fossil reefs of the Indo-Pacific. With the presence of annual density banding 
within Acropora inter-branch skeleton, similar to that of massive Porites colonies, trace element 
geochemistry from this structure suggested the potential for high resolution environmental 
reconstructions. A subsection on the concepts and methods of uranium-thorium dating is also 
presented at the end of Chapter 3, which was not included in the ‘Earth Science Reviews’ 
publication that comprises most of the chapter. 
The potential for Acropora inter-branch skeleton as a paleoclimate archive is further tested within 
Chapters 4 and 5. Previous research has found that the branches of Acropora species contain a 
significant level of secondary thickening that distorts the original paleotemperature signal through 
‘bio-smoothing’ [Gladfelter, 1982; Nothdurft and Webb, 2007; Oliver, 1984; Roche et al., 2011; 
Shirai et al., 2008]. Initial development of Acropora inter-branch skeleton as a new proxy archive 
requires evidence to suggest a low level of secondary aragonite thickening during skeletal 
deposition. Scanning electron microscopy (SEM) on the inter-branch structure provided insights 
into skeletal deposition, as documented in Chapter 4. Our results suggest that, in contrast to 
Acropora branches, there is a lack of significant secondary aragonite deposition within the inter-
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branch skeleton. Therefore, the potential for the application of the Sr/Ca paleothermometer for 
water temperature reconstructions remained high. 
A local Sr/Ca-water temperature calibration using live collected Acropora cores from the reef 
lagoon and fore-reef slope of Heron Reef, and local in situ temperature records from both 
environments is presented in Chapter 5. Despite the high potential of Sr/Ca ratios within Acropora 
inter-branch skeleton (based on a simple skeletal structure and the presence of annual density 
bands) for paleothermometry, we find high inter-colony variability that prevents the accurate 
reconstruction of absolute water temperatures. However, normalising Sr/Ca to the mean of each 
colony removes this influence, and allows the identification of enhanced seasonality in the lagoon 
compared to the fore-reef slope. We therefore conclude that Sr/Ca ratios within Acropora inter-
branch skeleton can only be applied to reconstructions of mean seasonality, and not absolute 
temperature. 
Following the testing of Acropora inter-branch skeleton as an archive of Sr/Ca ratios for water 
temperature reconstruction, Chapter 6 returns to Holocene water temperature reconstructions. Three 
fossil coral cores (two Porites and one Acropora), U-series dated between 7,000 and 5,200 years BP 
(before present, defined as prior to 1950), were recovered from Heron Reef using reef coring 
techniques. These cores represent the period of reported GBR expression of the mid-Holocene 
Thermal Maximum [Gagan et al., 1998]. A site specific calibration for modern Porites colonies 
was also conducted for Heron Reef, using similar techniques as for modern Acropora colonies 
detailed in Chapter 5. Application of our Heron Reef specific Sr/Ca transfer equations to mid-
Holocene core material does not support the previous suggestion of a mid-Holocene Thermal 
Maximum around 5,350 years BP. However, combining our data with similar coral-based 
reconstructions from around the tropical and sub-tropical western Pacific, we reveal a consistency 
in relative temperature anomalies that supports an expression of a GBR Holocene Thermal 
Maximum between ~6,800–6,000 years BP. Unfortunately, we do not have any Porites dated 
around this period to fully confirm a southern GBR expression of the mid-Holocene Thermal 
Maximum.  
 Project Aims 
Aim 1: Test the potential for non-traditional (i.e., non-massive Porites) corals, such as 
corymbose branching Acropora, to record high resolution paleoclimate data. 
The current constraint of coral based paleoclimate reconstructions to massive coral morphologies 
severely limits the amount of paleoclimate information we can acquire from recovered reef cores. 
Testing the suitability of common alternate species, such as corymbose branching Acropora, which 
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typically makes up a significant component of the reef [Dechnik et al., 2015; Marshall and Davies, 
1982; Montaggioni, 2005; Ribaud-Laurenti et al., 2001; Shirai et al., 2008], as climate indicators 
will greatly enhance the quantity of recoverable climate signals from reef cores. Successful 
completion of this assessment will also allow spatial and temporal gaps in our paleoclimate data to 
be filled with increased efficiency. 
Hypothesis: Inter-branch skeleton of corymbose branching Acropora is highly abundant in reef 
cores and can be effectively used as a high resolution, multi-annual indicator of past climate. 
The following research questions are considered within Chapters 3, 4 and 5: 
‐ Can multi-annual Acropora inter-branch skeleton be identified and acquired from reef 
cores? 
‐ What is the nature of Acropora inter-branch skeleton, and does its growth pattern allow 
the accurate collection of aragonite material at a monthly resolution over annual cycles? 
‐ Are geochemical signals of Sr/Ca ratios in Acropora skeletons representative of ambient 
water temperature? 
Aim 2: Develop site specific Sr/Ca paleothermometry transfer equations for corymbose 
branching Acropora and massive Porites colonies from Heron Reef, southern GBR.  
Paleoclimate interpretations of coral skeletal geochemistry can only be as accurate as the limitations 
of the transfer equation that relates geochemical signals to environmental variables. Currently no 
relationship between skeletal geochemistry and water temperature has been defined for the inter-
branch skeleton of corymbose Acropora colonies at any geographic location, nor for Porites 
colonies specific to the southern GBR. Heron reef provides a unique opportunity to correlate 
modern colony geochemistry with nearby in situ instrumental records of water temperature as part 
of the Great Barrier Reef Ocean Observing System (GBROOS) and Heron Reef Moored 
Autonomous pCO2 (MAPCO2) buoy. 
Hypothesis: Seasonal cycles in Sr/Ca incorporated in massive Porites and corymbose Acropora 
inter-branch skeletal material provide an accurate record of southern GBR ambient water 
temperature. 
Successful completion of Aim 2 will address the following research questions within Chapters 5 
and 6: 
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‐ Does seasonal cyclicity in corymbose Acropora inter-branch skeleton provide an 
accurate proxy for ambient water temperature? 
‐ How do transfer equations for corymbose Acropora specific to Heron Reef vary between 
species? 
‐ How do transfer equations for corymbose Acropora vary between environments (i.e., 
lagoon and reef slope) of Heron Reef?  
‐ How does a local Porites Sr/Ca-water temperature transfer equation developed at Heron 
Reef compare to previously published equations? 
Aim 3: Reconstruct environmental conditions experienced on the southern GBR using Sr/Ca 
signals incorporated in massive Porites and corymbose Acropora skeletons recovered from 
Holocene reef cores.  
Geochemical signals of Sr/Ca in massive Porites and corymbose Acropora skeletal material 
recovered in reef cores can be converted into water temperatures using empirical paleotemperature 
transfer equations. These core records can also be chronologically organised using high precision 
uranium-thorium dating to provide short timescale, high resolution details of the GBR’s 
evolutionary history. The resulting sub-tropical southern hemisphere record from GBR core 
material may allow comparison against reconstructions from the tropics, and provide an opportunity 
to test for a sub-tropical southern hemisphere expression of climate phases such as the mid-
Holocene Thermal Maximum. 
Hypothesis: Core based paleotemperature reconstructions will reveal significant climate variability 
in the southern GBR associated with the mid-Holocene Thermal Maximum. 
This project will address the following research questions within Chapter 6: 
‐ How did mid-Holocene water temperatures vary from those of the present day? 
‐ Was there a southern GBR expression of the mid-Holocene Thermal Maximum? 
‐ How do southern GBR reconstructions compare with those of the tropical southwestern 
Pacific? 
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Chapter 2. THE HOLOCENE CLIMATE, GBR EVOLUTION AND LOCAL 
OCEANOGRAPHY  
2.1 Holocene Climate 
The Holocene epoch defines the current interglacial period in the Earth’s climate, which 
commenced approximately 11,700 years BP with the termination of the last glaciation [Walker et 
al., 2012]. The transition to the current inter-glacial climate consisted of several rapid, globally 
asynchronous climate oscillations [Beck et al., 1997; Bell and Walker, 1992], which were much 
larger than those reconstructed for the previous millennium [Montaggioni and Braithwaite, 2009]. 
Sea surface temperature (SST) reconstructions from alkenone, coral and foraminifera records 
suggest that warming in the central Indo-Pacific Warm Pool (IPWP) preceded the global 
deglaciation by approximately 3,000 years [Gagan et al., 2004]. Unfortunately, a lack of high 
resolution paleoclimate proxies representing the tropical marine environment prevents a 
comprehensive understanding of this region during Holocene climate transitions [Beck et al., 1997; 
IPCC, 2007; Masson-Delmotte et al., 2013]. 
2.1.1 Climate evolution from the Last Glacial Maximum 
Scientific interest in the early Holocene (11,700–8,200 years BP [Walker et al., 2012]) is high due 
to the peak in northern hemisphere summer (65°N mid-July) solar insolation (Figure 2-1) (~10% 
greater than present day values [Berger and Loutre, 1991]) with similar ocean currents and 
continental arrangement [Alley and Ágústsdóttir, 2005]. Between 10,000 and 8,900 years BP, the 
Tropical Pacific experienced a large increase in SST associated with the deglaciation of the 
Younger Dryas [Beck et al., 1997; Gagan et al., 2004]. Strontium/calcium ratios in a fossil Porites 
lobata colony recovered from Vanuatu indicate that seasonal SST variations in the south western 
Pacific were around 4.5 °C 10,160±200 (2σ) years BP, compared to a modern range of only 3 °C 
[Beck et al., 1992]. Monthly resolution SST interpretations also suggest that SSTs were 
approximately 4–6 °C cooler around 10,000 years BP compared to the modern day environment. 
These reconstructions are similar to the modern day environment around New Caledonia, 5° 
latitude south of Vanuatu. Thus, Beck et al. [1992] suggested that this pattern indicates an equatorial 
compression of tropical climates. Errors in the original published transfer equation of Beck et al. 
[1992] have been reported in Beck et al. [1997], however, as the sensitivity of Sr/Ca was not 
affected this enhanced seasonal variability should hold.   
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Figure 2-1: Holocene variations in a) orbital precession values and b) July insolation received at 
65°N [Berger and Loutre, 1991]. Insets display precession and insolation variability over 1,000 ka. 
Negative precession values of the early Holocene resulted in increased northern hemisphere 
summer-time insolation. 
 
Warming from the Younger Dryas to the present day Holocene climate was punctuated by a 
relatively abrupt short period of cooling around 8,000 years BP (commonly termed the 8k/8.2k 
event [Alley and Ágústsdóttir, 2005; Alley et al., 1997; Gagan et al., 2000]) following the release of 
proglacial meltwater into the North Atlantic and subsequent weakening of the Atlantic Meridional 
Overturning Circulation [Alley and Ágústsdóttir, 2005; Hoffman et al., 2012; Morrill et al., 2013]. 
Winter conditions in the northern hemisphere were cooler and drier [Alley and Ágústsdóttir, 2005; 
Morrill et al., 2013], with limited records from the southern hemisphere suggesting increased 
tropical precipitation and high spatial heterogeneity in the 8.2k event temperature signals [Morrill et 
al., 2013].  
Of the limited southern hemisphere coral based data, Sr/Ca derived SST reconstructions from 
uplifted Porites colonies on the Huon Peninsula, Papua New Guinea, suggest that mean annual 
water temperatures 8,920±60 years BP and 7,370±50 years BP were ~2–3 °C cooler than present 
day conditions [McCulloch et al., 1996]. These reconstructions are cooler than those of Guilderson 
et al. [1994] for the Caribbean, however, as no direct calibration for Acropora palmata was used 
[Guilderson et al., 1994], interpretations of this difference should remain cautionary.  
Mid-Holocene (8,200–4,200 years BP [Walker et al., 2012]) climatic conditions are believed to 
have been generally similar to those of the present day [Brown et al., 2008]. The majority of 
northern hemisphere continental ice sheets had melted, and concentrations of atmospheric CO2 were 
similar to pre-industrial levels [Brown et al., 2008; Indermühle et al., 1999]. However, the early to 
mid-Holocene is also characterised by a shift in the Earth’s insolation balance, with perihelion (the 
period at which the Earth’s elliptical orbit results in the minimal distance from the Sun) occurring 
P
re
ce
ss
io
n
12 10 8 6 4 2 0
Time (ka)
-0.06
0
0.06
500 0
12 10 8 6 4 2 0
Time (ka)
In
so
la
ti
o
n
6
5
°N
 (
W
/m
, 
Ju
ly
,
)
2
430
435
440
445
450
455
460
465
470
380
440
500
500 0
a b
-0.025
-0.02
-0.015
-0.01
-0.005
0
0.005
0.01
0.015
0.02
0.025
Chapter 2: Literature Review 
12 
during boreal summer (August) instead of the current timing in boreal winter (January). This shift in 
orbital forcing associated with the Milankovitch precession cycle (Figure 2-1), resulted in increased 
northern and decreased southern hemisphere seasonality [Brown et al., 2008; Claussen et al., 1999; 
Miller et al., 2012] and a weaker South American monsoon [Brown et al., 2008] compared with 
present day conditions. Enhanced land-ocean temperature gradients and increased seasonality in the 
northern hemisphere associated with the perihelion change are believed to have strengthened both 
the Asian and North African summer monsoons during June, July and August [Brown et al., 2008]. 
Sea surface temperatures in the south western Pacific peaked between ~6,000–7,000 years BP, with 
reconstructions estimating warming of up to ~2 °C compared to modern day conditions [Abram et 
al., 2009; Duprey et al., 2012; Gagan et al., 2000; Montaggioni et al., 2006]. Evidence for a 
climatic optimum during the Holocene from 9,000 years BP to 4,000 years BP is apparent in many 
proxy datasets collected from around the globe [Bell and Walker, 1992], including coral-based SST 
reconstructions from the GBR [Gagan et al., 1998], New Caledonia [Montaggioni et al., 2006] and 
Vanuatu [Gagan et al., 2000]. Reconstructions of seawater δ18O (δ18Osw) in the southern Caribbean 
Sea based on Diploria strigosa coral cores indicate intense summer precipitation ~6,000 years BP 
[Giry et al., 2013], which may have been caused by a more northerly position in the intertropical 
convergence zone (ITCZ) [Chiang et al., 2002; Giry et al., 2013]. In contrast, salinity in the GBR is 
believed to have increased during this period, with a 0.5 ‰ enrichment of 18O estimated for GBR 
seawater ~5,350 years BP in response to increased evaporation rates associated with warmer SST 
[Gagan et al., 1998].  
Climate proxies from the temperate northern hemisphere suggest climatic deterioration from 5,000 
to 3,000 years BP to cooler and wetter conditions, which became increasingly significant between 
3,000 and 2,500 years BP [Bell and Walker, 1992]. Pollen records from tropical Australia suggest 
that from the end of the Pleistocene ~11,700 years BP to around 5,000 years BP, there was an 
increase in effective precipitation (precipitation that is not lost by deep percolation or runoff and is 
therefore available to vegetation) to a maximum between 5,000 and 4,000 years BP [Shulmeister 
and Lees, 1995]. Tropical Queensland climate during this period was approximately 50% wetter 
than the present day, with maximum water levels in Lake Euramoo, North Queensland occurring 
between 5,000 and 3,700 years BP [Shulmeister and Lees, 1995]. Increased precipitation levels may 
have been induced by the progressive flooding of the broad, shallow Australian continental slope 
during the Pleistocene-Holocene transition, which would have enhanced the regions evaporative 
flux [Shulmeister and Lees, 1995]. Following the mid-Holocene maximum in effective 
precipitation, a significant decline was observed between 4,000 and 3,500 years BP culminating 
with a variable precipitation regime and eventual recovery over the last 1,000–2,000 years 
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[Shulmeister and Lees, 1995]. Interestingly, the calculated peak in effective precipitation for 
tropical Australia occurs approximately 1,000 years before the maximum reconstructed for the 
temperate south. This difference suggests that precipitation records in Australia are latitudinally 
decoupled, with changes to the summer monsoon believed to be a driving force of precipitation 
variability in the north [Shulmeister and Lees, 1995]. 
Within reconstructions of the transition from the Pleistocene to present day Holocene climate, three 
key climate events have been observed: the ‘Holocene Thermal Maximum’ (HTM), ‘Medieval 
Warm Period’ (MWP) and the ‘Little Ice Age’ (LIA). Significant debate remains regarding the 
timing and spatial extent of these features. 
2.1.2 Holocene Thermal Maximum  
Increased northern hemisphere summer insolation during the early Holocene [Berger and Loutre, 
1991] (Figure 2-1) is suggested to have resulted in peak temperatures between 11,000 and 5,000 
years BP. Current reconstructions from paleoclimate archives and model simulations estimate 
temperatures to be 1–2 °C warmer than present day [Caseldine et al., 2006; Greer et al., 2009; 
Renssen et al., 2012; Renssen et al., 2009]. In a review of 60 climate reconstructions, Ljungqvist 
[2011] observed significant heterogeneity in regional reconstructions from 10,000–8,000 years BP. 
Such spatial variability may be due in part to remnant continental ice sheets, such as the Laurentide 
Ice Sheet over north-eastern North America, which is likely to have resulted in delayed peak 
temperatures in northeast Canada from those of Alaska and northwest Canada [Renssen et al., 2012; 
Renssen et al., 2009]. Between 8,000 and 4,000 years BP, Ljungqvist [2011] suggested a significant 
pattern of warming, with sea surface temperatures exceeding those of the pre-industrial modern 
climate (~1750 AD). Maximum water temperature reconstructions are reported between 6,000 and 
5,000 years BP, with similar timings in both northern and southern (limited data) hemispheres 
[Ljungqvist, 2011]. 
In the Northern Hemisphere, sub-fossil Holocene Monstraea faveolata recovered from Dry 
Tortugas National Park, Florida suggest that minimum SST around 6,000 years BP were similar to 
current SSTs, however, maximum SST were approximately 1 °C warmer than present [Flannery 
and Poore, 2013]. During this period (6,200 years BP), Bonaire was characterised by intense 
summer precipitation [Giry et al., 2013] that may have been induced by a northerly shift of the 
ITCZ [Giry et al., 2013; Haug et al., 2001]. 
From 6,000 to 5,000 years BP tropical Africa was characterised by a shift in precipitation patterns, 
from high levels of humidity to more variable precipitation and increased aridity [Mayewski et al., 
2004]. Paleoclimate Modelling Intercomparison Project (PIMP2) model simulations suggest a 
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reduction in the intensity of the winter South Pacific convergence zone (SPCZ) during the mid-
Holocene, however, SST data reconstructed from a mid-Holocene Porites (5,500 year BP) collected 
from New Caledonia suggest a northward shift of SPCZ, that is not represented within PIMP2 
model simulations [Lazareth et al., 2013]. 
Paleoclimate data representing Southern Hemisphere conditions during the mid-Holocene are 
limited compared to those of the Northern Hemisphere. Speleothem records from New Zealand 
suggest an early-Holocene Thermal Maximum between 11,000 and 8,500 years BP [Williams et al., 
2004], similar to ice-core records from Antarctica [Masson et al., 2000]. Tasmanian speleothems 
and South Australian marine alkenone records suggest a later maximum warming occurring 
between 8,000 and 5,500 years BP [Calvo et al., 2007a; Xia et al., 2001]. A secondary, weaker, 
mid-Holocene Thermal Maximum is also observed in Antarctic ice core records dated at 6,000–
3,000 years BP [Masson et al., 2000], coinciding with suggested warming in the Northern 
Hemisphere. 
Contrasting terrestrial based reconstructions, alkenone signals from marine sediment cores collected 
north and south of the Subtropical Front to the east of New Zealand suggest a long term cooling 
trend between 10,000–5,000 ka [Pahnke and Sachs, 2006], similar to foraminifera Mg/Ca based 
reconstructions of the western tropical Pacific [Stott et al., 2004].  
Following mid-Holocene warmth, New Zealand and Tasmania speleothem records and marine 
sediment core derived alkenone records from offshore South Australia suggest cooling between 
6,000 and 2,000 years BP towards a mid- to late-Holocene minimum [Calvo et al., 2007a; Williams 
et al., 2004; Xia et al., 2001]. 
Adding further interest to this interval of climate variability is the fact that neither Energy Balance 
Models nor Global Climate Models are capable of recreating this significant increase in mean 
temperature from orbital forcing and other external factors [Ljungqvist, 2011]. This indicates that 
there must be strong feedback mechanisms within the Earth’s climate system that have so far 
remained poorly understood [Ljungqvist, 2011]. This suggestion is strengthened by the fact that 
proxy data reconstructed for the southern hemisphere also indicate a delay in the timing of HTM 
signals relative to what would be expected from pure orbital forcing [Renssen et al., 2012].  
Climate simulations with a global atmosphere-ocean-vegetation model suggest that maximum HTM 
warming was observed in the high latitudes, with temperatures as much as 5 °C warmer than pre-
industrial conditions [Renssen et al., 2012]. This has been attributed to both a stronger orbital 
forcing and polar feedback mechanisms that result in an amplification of climate change through 
changes in snow and ice cover [Renssen et al., 2012]. Only small anomalies (< 0.5 °C) were 
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modelled in tropical ocean surface temperatures, with the maximum positive temperature anomalies 
of the GBR proposed to have occurred between 9,000 and 6,000 years BP [Renssen et al., 2012]. 
However, as previously mentioned, data from the southern hemisphere representing this climate 
period remain limited [IPCC, 2007; Ljungqvist, 2011; Masson-Delmotte et al., 2013]. 
Paleoclimate interest in the HTM partly reflects the perception that it may serve as an analogue for 
predicted future climate change. Care must be taken with this analogue due to the fact that model 
simulations indicate enhanced spatio-temporal variability relative to that predicted for the future 
[Renssen et al., 2012]. 
2.1.3 Medieval Warm Period 
The interval between AD 700 and 1300 has been interpreted as a short-lived period of warming 
known as the ‘Little Optimum’, ‘Medieval Warm Period’ (MWP) or ‘Medieval Climate Anomaly’ 
(MCA). This interval of the Earth’s climatic history is characterised by the Viking colonisation of 
Greenland [Hughes and Diaz, 1994] and the retreat of mountain glaciers and sea ice in the northern 
hemisphere [Bell and Walker, 1992]. East-west differences in tropical Pacific SSTs may have been 
heightened [Cobb et al., 2003], consistent with modern day La Niña conditions of cooler SSTs in 
the east and warmer SST in the west [Mann et al., 2009]. Proxy data from the southern hemisphere 
over this period remain limited, with reconstructions containing a higher level of uncertainty 
compared to those of the Northern Hemisphere [IPCC, 2007; Jones and Mann, 2004; Mann et al., 
2009]. Recently, possible evidence of the MWP has been indicated in the Antarctic Peninsula by 
δ18O analysis of ikaite crystal hydration water, which displays a 5% decrease associated with a 
meltwater flux to the ocean [Lu et al., 2012]. Granulometric data recovered from King George 
Island sediment cores also suggest an expression of Antarctic warming around the MWP [Monien et 
al., 2011]. 
Warming during the MWP was not globally uniform [Hughes and Diaz, 1994; Jones and Mann, 
2004], with cooling signatures reconstructed in central Eurasia, north western North America and 
potentially in regions of the South Atlantic [Mann et al., 2009]. Paleoclimate data from the southern 
hemisphere and tropics over this period remain limited, and there is currently little information on 
the effects of the MWP on the GBR. 
2.1.4 Little Ice Age 
Following the MWP, northern hemisphere proxies over the 15–19th centuries indicate cooler and 
drier climatic conditions associated with the Little Ice Age (LIA) [Bell and Walker, 1992; Draschba 
et al., 2000; Gagan et al., 2004; Hendy et al., 2002; Miller et al., 2012; Orsi et al., 2012]. This 
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period coincides with an orbitally induced reduction in summer insolation in the northern 
hemisphere and several large volcanic eruptions in the tropics that may have been propagated 
through sea ice/ocean feedbacks long after volcanic aerosols were removed from the atmosphere 
[Gagan et al., 2000; Miller et al., 2012; Orsi et al., 2012; Wanner et al., 2008]. The LIA has also 
been suggested to represent the latest expression of the 1,470±532 year cycle in Holocene climate 
of Bond et al. [1997], with significant regional differences observed in timing of events [Jones and 
Mann, 2004; Kuhnert et al., 2002]. Global glacial advances and enhanced meridional temperature 
differences (and thus enhanced atmospheric circulation) have been reconstructed during this period 
[Gagan et al., 2004; Hendy et al., 2002; Kreutz et al., 1997], yet the scarcity of proxy datasets from 
the southern hemisphere covering this interval remain a limiting factor in understanding natural 
climate variability [Hendy et al., 2002; IPCC, 2007; Jones and Mann, 2004; Mann et al., 2009; 
Masson-Delmotte et al., 2013; Orsi et al., 2012]. East-west differences in tropical Pacific SSTs are 
likely to have been reduced during the LIA [Cobb et al., 2003].  
Cooler LIA temperatures have been reconstructed from hydration water δ18O signals of ikaite 
crystals recovered in sediment cores from the Firth of Tay, Antarctic Peninsula [Lu et al., 2012]; 
granulometric data from box cores from King George Island [Monien et al., 2011]; borehole 
temperature from the West Antarctic Ice Sheet Divide [Orsi et al., 2012] and from multi-proxy 
reconstructions in southern South America [Neukom et al., 2011]. In sharp contrast, coral-based 
(Porites spp.) water temperature reconstructions of the GBR suggest that following an initial period 
of cooling (~0.2 °C, 1565–1700 AD), 18th century SST and sea surface salinity (SSS) were higher 
than experienced during the 20th century [Calvo et al., 2007b; Hendy et al., 2002]. This high salinity 
may be explained by an intensification of circulation patterns and a strong latitudinal temperature 
gradient that would have increased advection and wind induced evaporation [Hendy et al., 2002]. 
Stronger trade winds during the LIA may also have caused enhanced SSS in the south western 
Pacific due to increased oceanic advection and higher rates of regional evaporation [Gagan et al., 
2004].  
Increases in both SST and SSS in the 18th century suggest that the tropical Pacific may have been a 
source region for water vapour during the global glacier expansion of the LIA [Gagan et al., 2004]. 
The importance of water vapour on the Earth’s climate is also emphasised in alkenone unsaturation 
index reconstructions that suggest a long term increase in Svalbard summer surface temperatures 
from 1600 AD to the present day [D'Andrea et al., 2012]. These findings contrast with the 
suggestion of cooler summer surface temperatures resulting in reduced glacial ablation and 
therefore allowing expansion, instead supporting the alternate hypothesis of increased winter 
precipitation associated with positive phase North Atlantic Oscillation (NAO) that resulted in 
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glacial advance [D'Andrea et al., 2012; Nesje et al., 2008]. However, model simulations of Mann et 
al. [2009] suggest that the LIA was associated with a negative North Atlantic Oscillation-Arctic 
Oscillation (NAO-AO) circulation anomaly pattern.  
From 1840 to 1860 a shift towards warmer and wetter conditions, reconstructed from corals in 
Panama [Linsley et al., 1994], Vanuatu [Quinn et al., 1993], the southern GBR [Druffel and Griffin, 
1993] and Red Sea [Heiss, 1994], has been associated with the termination of the LIA [Gagan et 
al., 2000]. Due to the presence of rapid changes across the tropics, these signals are believed to 
represent climate data, and not biological or shoaling effects on individual corals [Gagan et al., 
2000]. Interestingly, Porites Sr/Ca- and U/Ca-derived SST anomaly data from the inshore and mid-
shelf reefs of the central GBR suggest tropical Pacific cooling during the late 19th and early 20th 
century [Hendy et al., 2002], with a coeval reduction in the strength of atmospheric circulation and 
an altered surface ocean circulation around the GBR [Druffel and Griffin, 1993; Gagan et al., 
2004]. The removal of temperature effects on the central GBR δ18Ocoral signal results in a trend that 
shares 80% of its variance with the original signal, suggesting that since 1870 the long term 
depletion in seawater 18O is generated by a freshening trend of GBR waters [Hendy et al., 2002]. 
This trend is likely to be influenced by the Australian summer monsoon, which currently exerts a 
strong control on GBR SSS [Hendy et al., 2002]. 
Further variability in the spatial and temporal expression of the LIA can be seen in climate 
reconstructions from the Atlantic. Growth corrected regression equations for Sr/Ca signatures in 
Diploria labyrinthiformis suggest that during 1840, SSTs around Bermuda were approximately 2 °C 
cooler than conditions during the 1960s [Goodkin et al., 2005; Goodkin et al., 2008]. Atlantic 
colonies of Montastraea (collected from St Croix and Bermuda) analysed by Saenger et al. [2008], 
however, suggest that Caribbean surface waters during the LIA were within the error range of 
modern coral-based temperature reconstructions. Such high variations within paleoclimate archives 
clearly reveal the requirement for additional high resolution marine temperature records from this 
interval. 
2.1.5 El Niño Southern Oscillation 
As a major driver of modern climate variability [Gagan et al., 2004] that eludes accurate 
representation in model simulations, understanding the evolution of ENSO dynamics over the 
Holocene is of critical importance. Numerical climate models currently disagree on the ENSO 
response to the current trend of climate change, with predictions for an enhanced, reduced or 
unchanged system [e.g., DiNezio et al., 2012; Rashid et al., 2016; Stevenson et al., 2012].  
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High resolution coral (Porites) geochemistry-based climate archives from Papua New Guinea 
[McGregor and Gagan, 2004; Tudhope et al., 2001], suggest a reduction in the ENSO strength and 
activity between 7,600 and 5,400 years BP. Similar conclusions of a reduction in ENSO activity 
between 6,000 and 4,600 years BP are also derived from sediment core derived salinity 
reconstructions for Bainbridge Crater Lake, Galapagos Islands [Riedinger et al., 2002]. Pollen 
based reconstructions from tropical Australia suggest a break around 4,000 years BP between 
increasing effective precipitation with small mean variations of the early-Holocene and the highly 
variable precipitation regime of the late-Holocene. This feature was interpreted by Shulmeister and 
Lees [1995] as the first evidence for the modern day ENSO dominated climate. Alternative 
paleoclimate proxies including lake sediments, lake levels, coral skeletons and charcoal patterns 
support an onset of modern ENSO conditions ~5,000–4,000 years BP, with a rapid increase in 
magnitude around 3,000 years BP [Conroy et al., 2008; Corrѐge et al., 2000; Donders et al., 2008; 
Gagan et al., 2004; Riedinger et al., 2002]. Reduced mid-Holocene ENSO amplitudes may have 
been caused by the increased strength of the trade winds, which can dampen positive SST 
anomalies in the equatorial Pacific and cause an early termination of El Niño events [Brown et al., 
2008; Clement et al., 2000; Liu et al., 2000]. Variability in the latitudinal migration of the ITCZ has 
also been suggested by titanium and iron deposits (proxies for terrestrial sediment input, and thus 
changes in the hydrological cycle) in the Cariaco Basin, Venezuela dated around 3,800–2,800 years 
BP [Haug et al., 2001]. This pattern may represent a coupling of ENSO and the ITCZ, resulting in 
enhanced ENSO events [Conroy et al., 2008; Haug et al., 2001; Toth et al., 2012]. The Cariaco 
basin record of sedimentary titanium, however, does not indicate an increase in variance from 
around 2,500-1,000 years BP [Haug et al., 2001], despite coral δ18O reconstructions suggesting 
enhanced ENSO conditions around this time [McGregor and Gagan, 2004; Tudhope et al., 2001]. 
This was interpreted by Conroy et al. [2008] as an indication of the decoupling of ENSO and the 
North Atlantic ITCZ systems. These driving forces support the suggestion of Cobb et al. [2013] that 
the poor correlation between ENSO and the mean tropical Pacific climate indicates that ENSO 
variability over the last millennium predominately reflects internal dynamics. 
The ENSO system displayed little variability during the 12th and 14th centuries, but exhibited 
greater variance and frequency during the 17th century than that experienced today [Cobb et al., 
2003; Montaggioni and Braithwaite, 2009]. The combined influence of reduced irradiance and 
increased volcanism during the 17th century appears to have had little immediate impact on central 
tropical Pacific SSTs. In a similar manner, reduced volcanism and increased insolation did not 
appear to significantly generate warming in the central tropical Pacific during the MWP [Cobb et 
al., 2003]. 
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Following 1880 AD, dendrochronology from the southern United States, tropical Pacific coral cores 
and Peruvian ice cores suggest an increase in the frequency of strong ENSO events. Gagan et al. 
[2004] interpreted these signals as an indication of increased ENSO strength after 1880, not just an 
increase in teleconnections. ENSO activity over Australia was reduced between 1920 and 1950, as 
was inter-annual precipitation variability. Coral records from Tarawa, Vanuatu and the Philippines 
suggest that this period was associated with a westward contraction of the warm pool and a local 
anchoring of the Indonesian Low in the far western Pacific [Gagan et al., 2000]. The onset of non-
linear ENSO patterns in the late Holocene is believed to have been induced by a stronger interaction 
between the Southern Oscillation and a more southerly Pacific ITCZ [Gagan et al., 2004]. 
2.1.6 Orbital forcing 
Change in millennial scale orbital forcings over the last 6,000 years has induced a southward shift 
in the position of the ITCZ during northern hemisphere summer; a weakening of both the African 
and Asian monsoonal systems due to a reduced sea-land temperature difference; and a cooling of 
summertime temperatures in the northern hemisphere that may have increased the ENSO amplitude 
and led to an increase in negative NAO events up to the start of the last millennium [Wanner et al., 
2008]. Changes in orbital forcing over the mid-Holocene (equinox precession, which can result in 
seasonal insolation variations of 60 W m−2 [IPCC, 2007]) also altered seasonal temperature 
regimes, with the largest seasonal temperature range in the northern hemisphere around 6,000 years 
BP [Miller et al., 2012; Wanner et al., 2008]. Over time, this seasonality declined till approximately 
3,000 years ago when the scenario was reversed with greater intra-annual temperature change 
[Wanner et al., 2008]. 
The solar activity in the form of sunspot numbers has also been suggested as a driving factor in the 
Earth’s climate system. Sunspots are dark features on the solar surface where there is a local 
depletion in radiation (the opposite of which are faculae) that follow a now well identified 11 year 
cycle [Eddy, 1976; IPCC, 2007; Solanki et al., 2004; Stuiver and Quay, 1980]. Three key periods of 
reduced sunspot activity have occurred over the last 860 years, the Maunder Minimum (1654-1714 
A.D., coincides with the LIA), Spörer Minimum (1416-1535) and the Wolf Minimum (1282-1342) 
(Figure 2-2) [Eddy, 1976; IPCC, 2007; Stuiver and Quay, 1980]. 
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Figure 2-2: Ten year averaged Holocene sunspot reconstructions [Solanki et al., 2004]. Letters 
indicate the expression of the a) Wolf Minimum, b) Spörer Minimum and c) Maunder Minimum. 
 
Alternate orbital controls on the Earth’s climate include the 41,000 year cycle of obliquity (tilt of 
the Earth’s axis between 22° and 24.5°) that modulates seasonal variations with no effect on the 
average global insolation, and the 400,000 and 100,000 year cycles of eccentricity. Due to the 
limited changes in the Sun-Earth distance, eccentricity only exhibits a small impact on insolation, 
but can enhance the signals of precession and obliquity [IPCC, 2007]. 
 Evolution of the Great Barrier Reef 
The GBR extends for 2,300 km from 24° 30’S to 9° 30’S making it the largest, yet one of the 
youngest, coral reef systems on Earth [Hopley et al., 2007; Smithers et al., 2006]. Current Holocene 
reefs of the GBR occur on elevated platforms of Pleistocene limestone consisting of previous reefal 
systems that were exposed during reduced sea level associated with the last glaciation [Barrett and 
Webster, 2012; Hopley, 1984; Hopley et al., 2007; Jell and Flood, 1978; Lewis et al., 2013]. The 
majority of these reefs initiated following substrate flooding associated with the postglacial marine 
transgression [Hopley et al., 2007]. Reef core-based investigations from the mid-shelf, Capricorn 
Bunker group of reefs in the southern GBR, indicate that Holocene reef initiation in that region 
began between 8,300 and 7,600 years BP [Dechnik et al., 2015]. Inshore reef initiation is suggested 
to have commenced around 8,500 years BP [Perry and Smithers, 2010; Perry and Smithers, 2011; 
Smithers et al., 2006] and has been suggested to be influenced by the growth and development of 
offshore reefs through the ‘Holocene High Energy Window’—the period of increased wave action 
between the submergence of Pleistocene platforms and the growth of offshore Holocene reefs 
between 8,000 and 5,500 years BP [Hopley, 1984; Smithers et al., 2006].  
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Prior to this research project, only a single deep reef core has been recovered through the Holocene 
reef matrix at Heron Reef—the Heron Island bore (223 m depth) of 1937 [Richards, 1938]. 
However, that core did not yield datable material and all that remains today are poorly preserved 
chips and gravel. More recent cores recovered from depths to ~10 m were described by Webb et al. 
[2016] and, along with growth rates from the nearby One Tree Reef [Marshall and Davies, 1982], 
suggest that reef accretion rates were slower than the rate of sea level rise, resulting in a 
predominately vertical ‘catch-up’ mode of reef accretion [Davies and Kinsey, 1977]. Coral 
community structure observed in cores from surrounding reefs (Fitzroy, Fairfax and Wreck) reflect 
this accretionary mode with a general transition up core from massive corals and branching 
Porites—associated with lower energy environments—to more robust branching species such as 
Acropora, Isopora and Stylophora—presently observed in higher energy environments—as the reef 
shoals towards present day sea level [Dechnik et al., 2015]. 
The exact Holocene sea level history of Australia remains a somewhat contentious debate, with 
uncertainty regarding the timing, elevation and possible oscillatory nature of local relative sea level 
(RSL). Variations in sea level reconstructions over the GBR are in part due to the large area covered 
and significant variations in the width of the associated continental shelf [Lewis et al., 2013]. The 
influence of sea level on Holocene coral reef development also varies between outer and inshore 
reef systems due to the different timings at which reef communities reached sea level [Hopley et al., 
2007]. Current reconstructions suggest that from 8,500–6,500 years BP the rate of sea level rise 
slowed [Hopley et al., 2007] to a mid-Holocene high stand of +1–1.5 m between 6,770 and 5,750 
years BP [Lewis et al., 2013]. Growth rates of the GBR province were highest between 8,000 and 
6,000 years BP, during which up to 50% of the Holocene reef accretion occurred [Hopley et al., 
2007] in waters suggest to be approximately 1 °C warmer than present conditions [Gagan et al., 
1998]. Lough and Barnes [2000] observed a positive relationship between Porites calcification rates 
and SST; thus warmer temperatures may explain the higher rates of reef accretion during this period 
[Smithers et al., 2006]. More reliable and regular precipitation during this period [Gagan et al., 
1996; Shulmeister and Lees, 1995] may have also resulted in fewer climatic extremes with more 
vegetation cover reducing the runoff of sediments onto nearshore reefs of the GBR [Smithers et al., 
2006]. Higher water quality may have also been generated by increased flushing of terrestrial 
influences during the ‘High Energy Window’.  
Prior to 5,500 years BP, conditions around the GBR were conducive for both coral calcification and 
reef growth in inshore environments [Hopley, 1984; Perry and Smithers, 2011; Smithers et al., 
2006]. Only 4–8 m water depth is required for fragile corals to grow without degradation from wave 
action, allowing the development of a more open coral framework [Hopley et al., 2007]. 
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Precipitation during the mid-Holocene climate optimum was, however, less reliable, with an 
increase in both flood and drought events placing increased stresses on corals of the inshore GBR 
[Gagan et al., 1998]. From 5,500–4,800 years BP inshore reef growth rates reduced [Hopley et al., 
2007; Perry and Smithers, 2010; Perry and Smithers, 2011; Smithers et al., 2006], with only 10% 
of the total reef progradation occurring since 5,500 years BP [Smithers et al., 2006]. In a 
comprehensive study of 21 fringing and nearshore reefs of the GBR, Smithers et al. [2006] 
observed no further progradation of the reef flat between 5,500–4,800 years BP in approximately 
50% of the reefs examined. Of those which did continue to prograde, around one-half ceased 
between 3,000–2,500 years BP, with current progradation rates well below those of the Holocene 
climatic optimum [Smithers et al., 2006]. This may represent a delayed response to the 5,500 years 
BP alteration; or have been induced by increased turbidity of nearshore waters of the GBR 
associated with the closure of the ‘high energy window’ and development of the inshore mud-
wedge around 3,000 years BP [Smithers et al., 2006]. 
This decline in growth rates coincided with falling RSL following the mid-Holocene sea level 
highstand [Leonard et al., 2013; Lewis et al., 2013 and references therein]. Resulting limits to 
accommodation and appropriate lateral bathymetry may account for the halving of the inshore reef 
growth rates from 5,000–3,000 years BP compared to 7,000–5,000 years BP (~2 m/ka and ~4-5 
m/ka respectively) [Hopley et al., 2007; Perry and Smithers, 2011]. A reduction in the diameter of 
Porites corals dated ~3,800 years BP from Hayman Island, GBR was observed by Kan et al. [1996], 
which may be a direct response to falling sea levels. Following this turn off in reef growth from 
approximately 5,500 years BP, there was a hiatus in the development of the GBR until 2,300 years 
BP with no records of inner-shelf reef initiation in the northern-central GBR [Perry and Smithers, 
2011]. This hiatus in the initiation of new reef growth may be a sampling artefact, with reefs from 
this interval potentially suffering subsequent erosion, or they simply may not have been recovered 
in the limited sampling of the GBR [Perry and Smithers, 2011]. However, similar collapses in reef 
accretion have been observed in Japan from 5,900–5,800, 4,400–4,000 and 3,300–3,200 years BP 
[Hamanaka et al., 2012]; the Pacific coast of Panama around 4,000–1,820 years BP [Toth et al., 
2012]; Hawaii from 5,000 years BP [Rooney et al., 2004] and Moreton Bay at 5,800 [Leonard et al., 
2013] and 3,200–2,800 years BP [Lybolt et al., 2011]. Low reef accumulation rates were also 
experienced in the Caribbean coast of Costa Rica between 4,000 and 1,500 years BP [Cortés and 
Risk, 1985]. Due to the Pacific wide disturbance in reef accretion during this period, forcing is 
likely to be large scale climate alteration, possibly due to changes in the ENSO system with 
stronger more frequent events [Conroy et al., 2008; Corrѐge et al., 2000; Donders et al., 2008; 
Gagan et al., 2004; Riedinger et al., 2002; Rooney et al., 2004; Toth et al., 2012].  
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A second period of GBR fringing and nearshore reef ‘turn on’, with similar community structures to 
early Holocene growth [Perry et al., 2011] occurred around 2,300–1,600 years BP and may have 
been induced by the decoupling of the ITCZ and ENSO systems around 2,500 years BP [Toth et al., 
2012], resulting in weaker ENSO events and a reduction in the environmental extremes faced by 
coral reefs. This scenario of ENSO forcing on reef accretion provides an explanation of why reefs 
initiated growth around 2,000 years BP, which cannot be provided by the limitations of 
accommodation associated with sea level variations [Toth et al., 2012]. These younger reefs in the 
northern-central GBR all occurred on substrates < 3 m below the lowest astronomical tide (LAT), 
with limited accommodation resulting in the fairly rapid development into senile reefs with little 
further accretion [Perry and Smithers, 2011]. At a similar timing to inshore reef ‘turn on’, there was 
a termination event of live microatoll growth in the reef flat of One Tree Reef, southern GBR, 
attributed to a fall in RSL of ~1–1.3 m between 3,900–2,200 years BP [Harris et al., 2015]. 
Interestingly, reef cores from Boulder Reef and Ribbon Reef 5 (offshore reefs in the northern 
GBR), indicate a repeated sequence of robust branching corals (e.g., Acropora humilis group, 
Stylophora and Pocillopora) and massive Goniastrea sp. (characteristic of strong wave action and 
water depths less than 10 m [Dechnik et al., 2015; Montaggioni, 2005; Webster and Davies, 2003]) 
and a separate group of massive Porites sp. and faviids with significant encrusting forms (typical of 
a reduced energy environment [Dechnik et al., 2015; Montaggioni, 2005]). This cycling in species 
composition suggests that the GBR reef contains the capacity for repeated re-establishment, with 
similar coral communities despite exposure to significant environmental changes over the last 
500,000 years. 
 Oceanography of the Modern GBR 
The GBR is located to the south of Indo-Pacific Warm Pool (IPWP), the largest reservoir of heat 
(SST > 28 °C) in the ocean, extending from 90°–175°E, 10°N–18°S [Montaggioni and Braithwaite, 
2009], and a key region for the development of ENSO dynamics [Gagan et al., 2004]. The GBR 
itself provides the primary model for a continental platform-margin reef with water circulation 
primarily driven by local winds and tides. The development of high resolution satellite imagery 
(pixels < 1 km2) has enabled increased understanding of oceanographic processes in the GBR 
province and the Coral Sea [e.g., Burrage et al., 1996; Mao and Luick, 2014; Steinberg, 2007; 
Weeks et al., 2010]. Oceanographic characterisation of the GBR is particularly important as water 
temperature, for example, can induce coral bleaching [e.g., Berkelmans and Oliver, 1999; Donner et 
al., 2005; Glynn, 1996; Hoegh-Guldberg and Salvat, 1995] and influence the timing and success of 
coral spawning [e.g., Bassim et al., 2002; Keshavmurthy et al., 2014]. 
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Both diurnal and semi-diurnal tides are experienced on the GBR, with amphidromic points (the 
central point in a rotary tide which exhibits no tidal displacement) in New Zealand and the Coral 
Sea [Maxwell, 1968]. Tides vary with latitude, ranging from 2.3 m in the south to 10.3 m between 
21° and 22°S [Maxwell, 1968], with the tidal regime controlling the extent and duration of reef 
exposure during low tide [Montaggioni and Braithwaite, 2009]. The large tidal range experienced 
over the GBR contrasts with that observed over the majority of global reef environments [Maxwell, 
1968]. 
Circulation in the north-western Coral Sea is principally controlled by the westward flowing South 
Equatorial Current (SEC) [Burrage et al., 1996]. As the SEC approaches the Australian continental 
shelf, it bifurcates between 13° and 20°S into the northward flowing Hiri Current (also known as 
the North Queensland Current [Mao and Luick, 2014; Steinberg, 2007]) and the southwards flowing 
East Australian Current (EAC) [Burrage et al., 1996; Church, 1987; Mao and Luick, 2014; 
Steinberg, 2007]. The Hiri Current flows north along the continental shelf edge in the northern GBR 
and eventually forms a partially closed cyclonic eddy in the northern Coral Sea [Burrage et al., 
1996]. The EAC navigates the Queensland Trough, flowing above the permanent thermocline 
[Burrage et al., 1996] and acts as the primary source of water to the southern GBR [Druffel and 
Griffin, 1999]. Between 22° and 23°S the EAC separates from the continental shelf before it crosses 
the Capricorn Channel [Burrage et al., 1996; Weeks et al., 2010]. Intrusions of the EAC onto the 
continental shelf by Heron and Abraham Reefs during austral summer [Andrews and Furnas, 1986; 
Druffel and Griffin, 1999] results in the upwelling of cool eutrophic Coral Sea water [Andrews and 
Furnas, 1986; Burrage et al., 1996; Druffel and Griffin, 1999], which is positively correlated with 
the speed of the EAC [Druffel and Griffin, 1999; Ridgway and Godfrey, 1997; Tranter et al., 1986]. 
Certain conditions, therefore, may result in cold water surrounding and/or overlying an individual 
reef causing anomalous geochemical proxy signals [Burrage et al., 1996]. El Niño events may 
enhance this upwelling through an eastward migration of the IPWP that in turn enhances both the 
SEC and EAC, favouring flow into the EAC over the Hiri current [Steinberg, 2007]. 
The southern section of the GBR (> 18°S) is particularly suitable for paleoclimate analysis as the 
influence of mainland Australia and Papua New Guinea is typically restricted to north of 18°S 
[Hopley et al., 2007]. Sea surface temperature anomalies in the southern GBR are also more 
sensitive to ENSO events than those of the northern (< 18°S) GBR [Redondo-Rodriguez et al., 
2012]. 
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2.3.1 Oceanographic variability 
Changes in the local oceanography of the GBR have been suggested by radiocarbon (Δ14C) and 
δ18O records from a 323 year long Porites australiensis core recovered from Abraham reefs, 
southern GBR [Druffel and Griffin, 1993]. Enhanced inter-annual Δ14C variability observed 
between 1680 and 1730 A.D has been attributed to changes in both the vertical mixing in the Coral 
Sea and large scale advection [Druffel and Griffin, 1993; 1999]. Both the Δ14C and δ18O records 
suggest a 6 year periodicity between 1635 and 1795 that is not observed in the later record covering 
1797 to 1957 [Druffel and Griffin, 1993]. This shift in signal suggests an alteration to the nature of 
ENSO in the Holocene as low Δ14C values from 1635-1875 were noted to be co-incidental with 
ENSO events; however, this correlation was not observed in more recent records [Druffel and 
Griffin, 1993]. Coral geochemical data do not display a significant Suess effect (a decrease in Δ14C 
due to the burning of fossil fuels), indicating an alteration in the mixing pattern of GBR surface 
waters [Druffel and Griffin, 1993]. Surface water signals of the Suess effect may be masked by the 
upwelling of deep waters; however, these would also contain a reduced radiocarbon signature. As 
this was not observed, high radiocarbon (i.e., surface) source waters must have also been present 
[Druffel and Griffin, 1993]. High Δ14C values of −35 to −30‰ were also recorded in coral material 
dated from the LIA, which would require changes to both the vertical and horizontal mixing of the 
ocean [Druffel and Griffin, 1993] as no new water types are formed in the Coral Sea [Pickard et al., 
1977]. Variations in the horizontal mixing of surface waters at Abraham Reef could be induced by 
altered transport of the westward flowing SEC (low Δ14C signature due to divergence associated 
upwelling along the equator) into the Coral Sea. During the 1982–1983 ENSO event, the SEC was 
observed to be further south than under non-ENSO conditions that, with end member mixing, can 
induce a reduction in overall Δ14C values in the region during El Niño events [Druffel and Griffin, 
1993]. 
A combination of U-series and radiocarbon dating of corals from Heron Reef and Moreton Bay has 
been employed by Hua et al. [2015] to investigate changes in the regional marine reservoir 
correction (ΔR) of the southwest Pacific. Large variability observed in ΔR between 8 and 5.4 ka has 
been attributed to variations in the contribution of Subantarctic Mode Water into the tropical eastern 
Pacific. Such large temporal and spatial variations in ΔR not only provide insights into variable 
ocean circulation, but introduce additional considerations for the correction of radiocarbon dates for 
marine samples [Hua et al., 2015]. 
The Southern Annular Mode (SAM) is the dominant mode of climate variability observed in the 
Southern Hemisphere, and is believed to operate over “all timescales” [Cai et al., 2005]. Using the 
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Commonwealth Scientific and Industrial Research Organisation (CSIRO) mark 3 climate model, 
Cai et al. [2005] suggested that projected increases in atmospheric CO2 will result in strengthened 
oceanic circulation in the southern mid-latitudes, especially in the EAC. A stronger EAC is 
expected to induce warming along the EAC pathway and in the Tasman Sea, with a northward 
cooling due to increased recirculation [Cai et al., 2005].  
 Heron Reef 
Heron Reef (a lagoonal platform reef in the southern GBR [Jell and Webb, 2012] located at 23° 
27’S) is approximately 10 km long and 70 km from mainland Australia, with a permanent 
monitoring station, Heron Island Research Station (HIRS) set up by the Great Barrier Reef 
Committee in 1951 [Hopley et al., 2007]. Weather and climate data have been recorded by the 
Commonwealth Bureau of Meterology since 1963 [Jell and Flood, 1978]. Heron Reef is dominated 
by southeast trade winds between 20 and 40 km/hour with ocean swells of 1–3 m directed from the 
east-southeast. Breaking waves on the reef can reach heights of 2 m and refract around the reef 
transporting sediments from the windward to leeward sides. Shallow water depths in the intertidal 
section of the reef remain shallow enough for wind shear to keep silt suspended in the water 
column. Tidal ranges around the reef vary from 1.8 to 3.3 m during springs and 0.8 to 1.6 m during 
neaps, with tidal currents rarely greater than 2 km/hour [Jell and Flood, 1978; Jell and Webb, 
2012]. Until the reef is exposed, tidal flows are radial, with a leeward flow following exposure [Jell 
and Flood, 1978]. Water depths in the lagoon range between 3 and 3.5 m, with numerous patch 
reefs present [Jell and Webb, 2012]. 
Significant anthropogenic modification has taken place on Heron Reef to improve accessibility to 
the research station and Great Barrier Reef Resort. This has included blasting the reef rim in 1945 to 
allow small boat access and further dredging of the harbour in 1966, 1967 and 1987 [Gourlay and 
Hacker, 2008; Jell and Flood, 1978]. Details of the in situ monitoring stations around Heron Reef 
and the regions water temperature characterisation are detailed in Chapters 5 and 6 of this thesis. 
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[Paper 1] Geochemistry-based coral palaeoclimate studies and the potential of ‘non-
traditional’ (non-massive Porites) corals: recent developments and future progression. 
Paper 1 provides a key review of the issues affecting paleoclimate analysis based on scleractinian 
corals (vital effects; bio-smoothing, skeletal microstructure; diagenesis and the generation of 
geochemical transfer equations), along with the first review detailing the paleoclimate potential of 
coral taxa other than the Porites genus, commonly used in the Indo-Pacific. 
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 Abstract 
Understanding the natural variability of the Earth’s climate system and accurately identifying 
potential anthropogenic influences requires long term, geographically distributed records of key 
climate indicators, such as temperature and precipitation that extend prior to the last 400 years of 
the Holocene. Reef corals provide an excellent source of high resolution climate records, and 
importantly represent the tropical marine environment where paleoclimate data are urgently 
required. Recent decades have seen significant improvement in our understanding of coral 
biomineralisation, the associated uptake of geochemical proxies and methods of identifying and 
understanding the effects of both early and late, post depositional diagenetic alteration. These 
processes all have significant implications for interpreting geochemical proxies relevant to 
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paleoclimatic reconstructions. This paper reviews the current ‘state of the art’ in terms of coral 
based paleoclimate reconstructions and highlights a key remaining problem. The majority of coral 
based paleoclimate research has been derived from massive colonies of Porites. However, massive 
Porites are not globally abundant and may not provide material of a particular age of interest in 
those regions where they are present. Therefore, there is great potential for alternate coral genera to 
act as complimentary climate archives. While it remains critical to consider five key factors—vital 
effects, differential growth morphologies, geochemical heterogeneity in the skeletal ultrastructure, 
transfer equation selection and diagenetic screening of skeletal material—in order to allow the 
highest level of accuracy in coral paleoclimate reconstructions, it is also important to develop 
alternate taxa for paleoclimate studies in regions where Porites colonies are absent or rare. 
Currently as many as nine genera other than Porites have proven at least limited utility in 
paleothermometry, most of which are found in the Atlantic/Caribbean region where large colonies 
of massive Porites typically do not exist. Even branching taxa such as Acropora have significant 
potential to preserve environmental archives. Increasing this capability will greatly expand the 
number of potential geochemical archives available for longer term temporal records of 
paleoclimate.  
 
  Keywords 
Holocene paleoclimate 
Scleractinian corals 
Stable isotopes 
Elemental ratios 
Scleractinian coral growth 
Diagenesis 
  Introduction 
Quantification of the natural variability of the Earth’s climate system with identification and 
isolation of potential anthropogenic influences requires long term, geographically distributed 
records of key climate indicators including temperature and precipitation [Guilderson and Schrag, 
1999]. Unfortunately, instrumental records of environmental variables are typically restricted to the 
latter one-half of the 20th century [Guilderson and Schrag, 1999; Kilbourne et al., 2004; Kuhnert et 
al., 1999] and even fewer oceanic measurements exist [Draschba et al., 2000; Jansen et al., 2007]. 
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High resolution, multi-century marine proxy-based climate records are required urgently [Gagan et 
al., 1994; Guilderson and Schrag, 1999; Kilbourne et al., 2004; Quinn and Sampson, 2002; Shen et 
al., 1996]. Tropical reef building corals in particular may provide the most critical proxy archives as 
they address two significant needs: 1) recent, pre-industrial archives (i.e., the Holocene epoch), and 
2) archives that capture climate drivers in the tropical oceans. 
With the modern rise in global mean temperature [Trenberth et al., 2007], paleoclimate research is 
becoming increasingly focused on periods in Earth’s recent history when climate was warmer than 
today [Broecker, 2001; Diaz, 2012; Ljungqvist, 2011; Mann et al., 2009]. While these periods do 
not invariably represent a high atmospheric CO2 world analogous to the predicted system, they can 
be useful for identifying driving forces of climate [Gagan et al., 2000] and the effects of such 
intervals on biological communities. Proxy data from the Holocene epoch is of particular 
importance as it allows analysis of changes in the background climate system, including 
temperature and orbital forcing, without the added complication of major variability in sea level or 
continental ice cover [Markgraf and Diaz, 2000]. In particular, the Intergovernmental Panel on 
Climate Change (IPCC) identified a limit to our understanding of climate variability prior to the 
latest several hundred years, especially in the southern hemisphere and tropics [IPCC, 2007; 
Masson-Delmotte et al., 2013]. 
Despite the critical role of the tropical ocean-atmosphere system in global climate dynamics 
[Pierrehumbert, 2000], phenomena such as El Niño Southern Oscillation (ENSO) and the equatorial 
monsoon remain notoriously difficult to model [Draschba et al., 2000; Dunbar et al., 1994; Gagan 
et al., 1994; Quinn and Sampson, 2002]. Numerical simulations therefore require further empirical 
climate data from the tropics with at least monthly resolution [Gagan et al., 1994]. Of the available 
marine records, deep sea sediment cores have been effectively used for paleoclimate analysis, but 
low accumulation rates and bioturbation are commonly detrimental to the high resolution records 
required by climate modellers [Shen et al., 1992]. Reef-building corals, on the other hand, are 
naturally abundant and an excellent source of high resolution, temporally constrained data for the 
tropical ocean [Cohen and McConnaughey, 2003; Gagan et al., 1994; Gagan et al., 2000; Grottoli 
and Eakin, 2007; Kuhnert et al., 2005; Lough, 2010; Lough and Cooper, 2011; Mitsuguchi et al., 
1996; Montaggioni and Braithwaite, 2009; Neukom and Gergis, 2012; Shen et al., 1992]. Limited 
studies also have been conducted on temperate reef-building corals, such as Cladocora [e.g., 
Montagna et al., 2007], however, this paper will focus on tropical reef-building Scleractinia. 
The vast majority of paleoclimate reconstructions based on reef building corals, particularly those in 
the Pacific and Indian oceans, have targeted massive Porites colonies, which form large coralla on 
the reef front and microatolls on reef flats [Cahyarini et al., 2008; Charles et al., 1997; Gagan et 
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al., 1994; Gallup et al., 2006; Guilderson and Schrag, 1999; Kilbourne et al., 2004; Kuhnert et al., 
1999]. Although cores from these corals can provide multi-decadal to multi-century records, 
paleoclimate reconstructions tend to be restricted to the last several hundreds of years [Grottoli and 
Eakin, 2007; Lough, 2010; Neukom and Gergis, 2012] with access to older corals more limited 
owing to a general lack of exposure (i.e., coverage by younger living corals) and the deleterious 
influence of diagenetic alteration. Microatolls that are thousands of years old may be preserved on 
reef flats [McGregor et al., 2011a; Woodroffe et al., 2012; Yu and Zhao, 2010], but even live 
collected reef flat coral samples may be severely affected by early marine diagenesis [Enmar et al., 
2000; Hendy et al., 2007; McGregor and Abram, 2008; Nothdurft and Webb, 2009; Sayani et al., 
2011] owing to the high levels of physical-chemical and biological activity in the intertidal and very 
shallow water zones [Nothdurft and Webb, 2009]. Therefore, ancient corals stranded on the reef flat 
over thousands of years may have been subjected to significant marine diagenesis even in the 
absence of major meteoric diagenesis, thus altering the original geochemical signatures of the 
skeleton [Allison et al., 2005; Enmar et al., 2000; Lazar et al., 2004; McGregor and Gagan, 2003; 
Sayani et al., 2011]. 
An alternate means of obtaining coral paleoclimate archives from throughout the Holocene is 
through shallow reef coring [e.g., Perry et al., 2008]. Reef core collection techniques allow coral-
based reconstructions to sample deeper into Earth’s history; a requirement recently highlighted by 
the IPCC [IPCC, 2007; Masson-Delmotte et al., 2013]. However, the disadvantage of this strategy 
is that specific coral species, corallum sizes and growth morphologies cannot be targeted. Massive 
Porites colonies, for example, may or may not be penetrated along the maximum growth axis if 
recovered at all in a given core. Therefore, to increase the efficiency of scleractinian coral-based 
paleoclimate reconstructions from reef cores, techniques for analysing alternate coral genera are 
important. This paper aims to provide a comprehensive review of current issues involved in coral-
based paleoclimate reconstruction and the application of appropriate techniques to corals other than 
massive Porites colonies. Thus, this contribution aims to combine the most recent advances in 
biomineralisation, trace element geochemistry and early marine diagenesis so as to help ensure the 
accuracy of geochemical proxies for all coral types through better sample vetting, and choice and 
application of sampling technique. At the same time the paper provides a comprehensive review of 
paleoclimate archives developed in corals other than massive Porites. This paper attempts to 
provide a basic ‘ideal scenario’ checklist for paleoclimate researchers to develop new paleoclimate 
archives and successfully reconstruct previous environmental conditions with the highest 
confidence in their data.  
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  Geochemical Reconstructions of Sea Surface Temperature 
Accurate reconstructions of sea surface temperature (SST) are paramount for understanding the 
dynamics involved in climate change [Gagan et al., 2012]. Several geochemical proxies derived 
from reef building coral skeletons are commonly used for SST reconstructions, with the most 
common techniques based on stable oxygen isotopes (δ18O) and trace element ratios (mainly Sr/Ca 
and Mg/Ca). 
3.4.1 δ18O signatures 
Variability in the ratio of stable oxygen isotopes 16O and 18O (δ18O) incorporated in skeletal 
aragonite is the most common proxy for SST reconstructions, with increased temperatures 
associated with lower skeletal δ18O (δ18Ocoral) values [Allison et al., 2010; Epstein et al., 1953; 
Gagan et al., 2012; Grottoli and Eakin, 2007; e.g. McCrea, 1950; Montaggioni and Braithwaite, 
2009; Shackleton, 1967; Shackleton, 1974]. However, δ18Ocoral signatures reflect both SST and the 
δ18O of ambient seawater (δ18Osw), which is affected by ice volume changes associated with glacial 
cycles [Allison et al., 2010; Duplessy et al., 2002; Guilderson et al., 2001; Peltier and Fairbanks, 
2006], changes in the hydrological balance [Allison et al., 2010; Gallup et al., 2006; Montaggioni 
and Braithwaite, 2009; Wu and Grottoli, 2010] and variations in regional water mass proportions 
[Grottoli and Eakin, 2007; Wu and Grottoli, 2010]. The latter two factors can be represented by 
changes in sea surface salinity (SSS), yet all of these influences must be carefully considered before 
coral δ18O signatures can be used for accurate temperature reconstruction [Cahyarini et al., 2008]. 
3.4.2  Trace element ratios 
A suite of element/Ca ratios in biological carbonate samples can be analysed rapidly using either 
inductively coupled plasma-mass spectrometry (ICP-MS) [e.g., Clark et al., 2014; Nguyen et al., 
2013], inductively coupled plasma-atomic emission spectrometry (ICP-AES)/inductively coupled 
plasma-optimal emission spectrometer (ICP-OES) [e.g., Cahyarini et al., 2009; Flannery and 
Poore, 2013; Wu et al., 2013], laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) [e.g., Alibert and Kinsley, 2008; Fallon et al., 1999; Seo et al., 2013; Sinclair et al., 1998] 
or sector field inductively coupled plasma mass spectrometry (SF-ICP-MS) [e.g., Quinn and 
Sampson, 2002]. Rapid analytical rates delivered by these techniques provide attractive throughput 
for paleoclimate reconstruction as they contrast sharply with the 20–30 minutes required to 
determine stable isotope ratios in a single sample using an isotope ratio mass spectrometer (IR-MS) 
[Quinn and Sampson, 2002]. Although U/Ca, B/Ca [Fallon et al., 2003; Fallon et al., 1999; Felis et 
al., 2009; Hart and Cohen, 1996; Min et al., 1995; Quinn and Sampson, 2002; Shirai et al., 2008; 
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Sinclair et al., 1998], and more recently, Li/Mg [Case et al., 2010; Hathorne et al., 2013; Montagna 
et al., 2009; Montagna et al., 2014] ratios have received significant attention for paleothermometry, 
the most common ratios applied to coral based reconstructions are Sr/Ca and Mg/Ca. 
3.4.2.1 Sr/Ca Signatures 
The ratio of strontium to calcium incorporated within the coral aragonite skeleton has been used to 
reconstruct SST archives for decades [Beck et al., 1997; Beck et al., 1992; Cahyarini et al., 2009; 
Corrѐge, 2006; DeLong et al., 2013; Gagan et al., 2012; Gallup et al., 2006]. Cooler temperatures 
increase the Sr/Ca ratio in biological carbonates as larger amounts of Sr2+ from ambient seawater 
substitute for Ca2+ in the aragonite crystal matrix [Corrѐge, 2006; Houck et al., 1977; Reynaud et 
al., 2007]. An advantage of the Sr/Ca proxy over δ18Ocoral is the lack of influence from the 
hydrological balance on ambient Sr2+ concentrations. Additionally, long residence times of both Sr 
and Ca suggest that seawater Sr/Ca ratios are more stable over time relative to δ18Osw [Broecker and 
Peng, 1982; Reynaud et al., 2007] and have a reduced impact from riverine flood events 
[McCulloch et al., 1994; Yu et al., 2005a]. However, ambient Sr/Ca ratios may have experienced 
significant change over glacial cycles owing to the weathering of exposed carbonate shelves during 
sea level lowstands [Corrѐge, 2006; Gallup et al., 2006; Quinn and Sampson, 2002; Stoll and 
Schrag, 1998]. Such variations may lead to incorrect interpretations of as much as 5–7 °C of 
additional cooling [Gallup et al., 2006]. Modern day spatial and temporal variations in upwelling 
intensity result in ambient seawater Sr/Ca variability of 1.4% [de Villiers, 1999; de Villiers et al., 
1994; Montaggioni and Braithwaite, 2009; Shen et al., 1996], and localised surface ocean Sr 
depletions also may be induced by growth of the protozoan acantharia, which constructs celestite 
(SrSO4) skeletons [Brass and Turekian, 1974; De Deckker, 2004; De Deckker et al., 2003; de 
Villiers, 1999; Mackenzie, 1964]. Hence, some degree of regional to local scale variation in ambient 
Sr/Ca ratios is possible. 
3.4.2.2 Mg/Ca Signatures 
The ratio of magnesium to calcium in the skeletons of corals and other calcifying organisms has 
also been investigated as a potential paleotemperature proxy [Chave, 1954; Fallon et al., 2003; 
Goreau, 1977; Mitsuguchi et al., 1996; Oomori et al., 1982; Reynaud et al., 2007; Schrag, 1999; 
Shirai et al., 2008]. Early testing emphasised the first order dependence of Mg concentration on 
skeletal mineralogy, with higher Mg concentrations observed in calcite than aragonite [Chave, 
1954; Swart et al., 1999]. However, ambient water temperature also was identified as a controlling 
factor on Mg incorporation (positive correlation) [Armid et al., 2011; Chave, 1954; Shirai et al., 
2008], as was the organism’s phylogenetic level (negative correlation) [Chave, 1954; Swart et al., 
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1999]. In corals, Mg concentration has been shown to vary within individual skeletons over both 
very fine [Meibom et al., 2004] and coarser scales [Sinclair et al., 1998], with the relationship 
between Mg/Ca and SST varying between coral genera and localities [e.g., Allison et al., 1996; 
Fallon et al., 1999; Yu et al., 2005b]. Many authors have suggested that Mg distribution in coral 
skeletons is heavily affected by biological/metabolic effects [Meibom et al., 2004; Mitsuguchi et al., 
2003; Mitsuguchi et al., 2008; Yu et al., 2005b], with X-ray Absorption Near Edge Structure 
(XANES) data suggesting that the majority of Mg is not hosted in coral aragonite, but in a highly 
disordered material [Finch and Allison, 2008]. Although incubation experiments with Acropora sp. 
indicated a positive linear relationship between SST and skeletal Mg/Ca [Reynaud et al., 2007], a 
non-linear relationship with light intensity also was observed [Reynaud et al., 2007]. Hence, 
significant further understanding of biological constraints on Mg incorporation into coral skeletons 
is required before the Mg/Ca paleothermometer can be confidently utilised for SST reconstructions. 
 Biochemical and Geochemical Considerations 
Recent decades have seen rapid technological advances and associated developments in our 
understanding of coral ultrastructure and biomineralisation [Cuif and Sorauf, 2001; Cuif et al., 
2011; Cuif et al., 2013; Meibom et al., 2007; Meibom et al., 2004; Rollion-Bard and Blamart, 2014; 
Sinclair, 2005; Stolarski, 2003]. These advances have revealed important considerations that should 
be, but are not invariably, accounted for prior to converting geochemical signatures archived in 
coral skeletons into SST reconstructions. In particular, the degree to which coral aragonite reflects a 
biologically controlled material that incorporates organic matter as opposed to an ‘abiotic’ 
precipitate once nucleated has been controversial [Bryan and Hill, 1941; Constantz, 1986; Cuif and 
Sorauf, 2001; Johnston, 1980]. However, as the spatial resolution of observation has increased, 
particularly with the use of atomic force microscopy and synchrotron–based techniques, it has 
become increasingly clear that biominerals significantly differ from their abiotic counterparts [Cuif 
and Sorauf, 2001; Cuif et al., 2011; Cuif and Dauphin, 2005; Dauphin et al., 2003; Przenioslo et 
al., 2008; Stolarski and Mazur, 2005; Stolarski et al., 2007]. Hence, stable isotope and trace 
element incorporation into such minerals may not strictly follow physico-chemical controls. 
3.5.1 Environmental setting of the coral colony 
Before reviewing the formation and preservation of skeletal aragonite, the first consideration in the 
conversion of geochemical signatures into physical properties of the ambient water column, e.g., 
SST and SSS, is the exact environment from which the colony was recovered. Coral reefs contain a 
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variety of zones [e.g., Jell and Webb, 2012, their Figure 4] each of which can be characterised by a 
different environmental regime: 
Reef Slope: The slope extending from the deep waters of the continental shelf to the level of low 
water associated with the tides [Jell and Flood, 1978; Lalli and Parsons, 1997].  
Reef Rim: The highest point of the reef that surrounds the reef top [Jell and Flood, 1978] with 
exposure on the low tide [Lalli and Parsons, 1997]. 
Reef Flat: The region of reduced elevation adjacent to and behind the reef rim [Jell and Flood, 
1978]. Due to the shallow water depth associated with this region, large variations in both 
temperature and salinity are experienced on the reef flat [Lalli and Parsons, 1997]. 
Lagoon: The central region in a reef top that typically contains water depths less than 10 m below 
low water datum in shelf reefs [Jell and Flood, 1978] but can be much deeper and better connected 
to open seawater in oceanic reefs (e.g., atolls). 
Each of these zones is characterised by a different temperature regime, which can be illustrated over 
a 24 hour period by data collected at Heron Reef, southern Great Barrier Reef (GBR) (Figure 3-1). 
Despite a greater semidiurnal tidal range in the reef slope compared to the reef flat (Figure 3-2), 
shallow water depths and ponding in the reef flat result in a large daily temperature range of ~3.3 
°C (1995–2012 average) (Figure 3-1). This difference may act as a significant source of variability 
in climate reconstructions depending on the diel period over which calcification occurs [Barnes and 
Crossland, 1978; Chalker, 1977], as late-afternoon peaks in reef flat temperature are unlikely to be 
representative of the ambient oceanic conditions. This biasing of temperatures in shallow waters has 
severe implications for attempts at reconstructing absolute temperature based on coral colonies that 
occur on ponded reef flats, e.g., microatolls [McGregor et al., 2011b; Woodroffe and Gagan, 2000; 
Wu et al., 2013]. To some extent, similar issues may affect data from corals collected from shallow 
lagoons. This complication in the interpretation of geochemical signals may also be enhanced by 
variations in the timing of tidal cycles, with SST likely to experience maximal increases during 
periods when low tide coincides with the afternoon maximum air temperatures; whilst remaining 
similar to ambient ocean conditions during the high tide. Such differences in calcification timing in 
relation to tides in shallow water settings are likely to have a significant influence on paleoclimate 
reconstructions where corals are calibrated against gridded SST datasets that are unable to 
accommodate localised SST variability [Castillo and Helmuth, 2005; Leichter et al., 2006]. As the 
timing of tides vary with each day, corrections for these affects are likely to be highly complex, but 
may be required in order to remove a lunar scale cyclic component from geochemical data. 
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Figure 3-1: Averaged diel trends in Heron Reef SST from the reef slope at 7.9 m (HERSL1: 1995–
2012, n = 176,762, SE = 0.0363), reef flat at 1 m (HERFL1: 1995–2012, n = 162,776, SE = 
0.0463), lagoon at 0.3 m (Sensor Float 2: 2008–2013, n = 80,544, SE = 0.0621) and lagoon at 1.7 m 
(Relay Pole 1: 2008–2013, n = 80,771, SE = 0.0582) normalised to the respective long term mean. 
Large diel variations in water temperature occur on the reef flat owing to ponding during low tide. 
Data were sourced from the Integrated Marine Observing System (IMOS). 
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Figure 3-2: Tidally forced variations in water depth, normalised against the respective 2009–2013 
mean, observed at the reef slope (red dashed line) and on the reef flat (solid line) of Heron reef 
during January–February 2012. The greatest variation in water depth is observed at the reef slope, 
but due to differences in absolute depth a larger temperature variation is observed in the reef flat 
(Figure 3-1). Data were sourced from the Integrated Marine Observing System (IMOS). 
 
3.5.2 Vital effects on geochemical signatures 
Geochemical proxies are rarely incorporated into biologically precipitated calcium carbonate at 
thermodynamic equilibrium, owing to influences associated with the metabolic activity of the 
organism or its symbionts that are generally termed vital effects [e.g., Adkins et al., 2003; Juillet-
Leclerc et al., 2009; Kuffner et al., 2012; Rollion-Bard et al., 2003; Uchikawa and Zeebe, 2012; 
Urey et al., 1951; Wellington et al., 1996]. Although some vital effects may reflect differential 
behaviour along the calicoblastic layer in relation to precipitation of different ultra-structural 
elements (e.g., Rapid Accretion Deposits (RADs)—sensu [Stolarski, 2003]—traditionally referred 
to as Centres of Calcification (COCs) versus Thickening Deposits (TDs) that were originally 
referred to as thickening ‘fibres’) [Meibom et al., 2006; Rollion-Bard et al., 2010], kinetic factors 
associated with differential growth rates are also important [Sinclair et al., 2006]. A key concern 
regarding the use of biological paleoclimate records is the potential for geochemical variations to 
reflect differences or changes in these vital effects, such as seasonal variability reflecting changes in 
coral growth rates, rather than changes in the ambient environmental conditions. 
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Rapidly growing coral skeletons are likely to contain a greater kinetic influence on stable isotope 
incorporation [McConnaughey, 1989] owing to insufficient time for equilibration of 18O between 
dissolved CO2 species and ambient seawater at calcification sites [Allison et al., 2010; Rollion-Bard 
et al., 2003; Uchikawa and Zeebe, 2012]. Similar concerns over the potential for growth rate related 
kinetic effects have been raised for the Sr/Ca [de Villiers et al., 1994; Kuffner et al., 2012; Reynaud 
et al., 2007] and Mg/Ca paleothermometers [Goreau, 1977; Reynaud et al., 2007]. However, 
rapidly growing coral skeletons are believed to have more uniform (albeit greater) kinetic effects 
over time so that longer-term time-series variations of geochemical proxies are predominately 
representative of environmental signals [Allison et al., 2010; McConnaughey, 1989]. Thus, 
McConnaughey [1989] recommended that geochemical sampling of corals be restricted to material 
with minimum extension rates of at least 5 mm year−1 to minimise the influence of variations in 
kinetic effects on skeletal geochemistry. Sampling profiles therefore typically follow the major 
growth axis where extension rates are the greatest. 
An additional consideration relates to variations in skeletal growth patterns over time. Acropora 
longicyathus from the southern GBR exhibits maximum growth, as measured by the buoyant 
weight technique of Jokiel et al. [1978], between late austral summer and the start of austral autumn 
(February to May) [Gómez Cabrera, 2005]. Skeletal deposition displayed a positive relationship 
with both water temperature and photoperiod, and a negative relationship with irradiance, 
irrespective of the clade of associated zooxanthellae [Gómez Cabrera, 2005]. It is worth noting, 
however, that the relationship between skeletal deposition and water temperature was observed to 
be weaker than that against photoperiod and irradiance [Gómez Cabrera, 2005]. This suggests that 
‘seasonal’ patterns in proxy signatures may not represent a reliable indicator of SST despite similar 
signal cyclicity. Seasonal variations in calcification may also exist, resulting in increased skeletal 
deposition (either through increased linear extension or high density banding) during warmer 
[Cohen et al., 2004; Draschba et al., 2000; e.g., Lough and Barnes, 1990] or cooler [e.g., Allison et 
al., 2010; Mitsuguchi et al., 2003; Wei et al., 2009] water temperatures, thus potentially biasing 
reconstructions based on bulk sampling techniques towards specific seasonal conditions [Barnes et 
al., 1995; Gagan et al., 2012]. 
Variations in coral growth dynamics observed over the diurnal cycle have been attributed to the 
photosynthetic activity of symbiotic zooxanthellae resulting in light-enhanced calcification [Goreau 
and Goreau, 1959]. Radiocarbon incubation experiments with Acropora acuminate suggest that 
carbon uptake by coral tissue increases after dawn to a maximum from mid-day to mid-afternoon 
[Barnes and Crossland, 1978]. However, calcification capacity of Acropora cervicornis was 
reported to be maximal at sunrise and sunset [Chalker, 1977], suggesting species specific variations 
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in diurnal calcification patterns. The exact driver of enhanced light calcification in zooxanthellate 
corals remains uncertain, however, recent incubation studies by Holcomb et al. [2014] suggest that 
calcification in the dark is limited by the concentration of dissolved oxygen. Further research into 
this poorly understood variability will enhance our understanding of coral based environmental 
reconstructions and even may allow resolution to a specific time of day. 
3.5.3 Coral growth morphology and ‘bio-smoothing’ of environmental signals 
It is generally accepted that the deposition of coral aragonite skeleton and the sampling procedures 
involved in geochemical analysis result in some degree of time averaging that attenuates the 
temporal signals of environmental variability; commonly termed bio-smoothing [Barnes et al., 
1995; Dunbar et al., 1994; Gagan et al., 1994; Gagan et al., 2012; Linsley et al., 1999; Nothdurft 
and Webb, 2007; Taylor et al., 1993]. Although density banding in coral skeletons serves as an 
indicator of annual growth dynamics, the deposition of the skeleton does not occur in ‘layer cake’ 
fashion along horizontal increments such as in stalagmites or tree rings. Rather, the precipitation of 
coral skeleton occurs on a complex three-dimensional structure within the calice (Figure 3-3). 
Uncertainties in time averaging within a sample are induced through complex skeletal architecture 
and continued growth and thickening of the coral skeleton throughout the calice [i.e., the full 
thickness of coral tissue (Figure 3-3)] [Barnes and Lough, 1993; Barnes et al., 1995; Dunbar et al., 
1994; Gagan et al., 2012; Nothdurft and Webb, 2007] as complicated by variations in growth rate 
[Barnes et al., 1995] (Figure 3-4). Coral tissue thickness varies from genus to genus and species to 
species (Nothdurft and Webb, 2007). In a comprehensive study of 284 massive Porites colonies 
from the GBR, Barnes and Lough [1992] observed significant tissue thickness variability within a 
single colony (thinner tissue was observed on the sides of the colony), between colonies of different 
sizes (larger colonies were associated with thicker tissues) and with geographic location. Tissue 
thickness in eight Porites colonies sampled from the slope of Heron Reef varies between 4 and 12 
mm thick (Figure 3-5). A thicker tissue layer results in a greater potential time separation between 
initial skeletal material and thickening deposits, thus increasing the effects of bio-smoothing 
[Barnes et al., 1995].  
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Figure 3-3: Contrasts between inorganic (stalagmite) and organic (coral) calcium carbonate 
deposition. Bounding boxes in the growth line diagrams indicate the region sampled for 
geochemical analysis with black bars representing the degree of bio-smoothing (Bsm) and the 
proportion of the temperature signal incorporated in each sample. A) Example temperature signal 
from the ambient environment over the analytical period. B) Stalagmite deposition of calcium 
carbonate follows the traditional ‘layer cake’ methodology where each layer is deposited overlying 
the previous layer. This deposition pattern results in no intermixing of temporarily offset material in 
the geochemical sample and the degree of time-averaging depends only on the sample size and 
orientation. C) Coral skeletal deposition occurs over the entire surface covered by the tissue layer, 
as indicated by the growth increments (lighter and darker grey banding) developed by repeated 86Sr 
labelling of forty eight hours growth following five days of unlabelled (darker grey) growth in 
Pocillopora damicornis (modified from nanoSIMS 86Sr/44Ca map, Figure 2 of Brahmi et al. 
[2012]). D) Schematic diagram of simplified growth lines model for a coral skeleton. The same 
sampling pattern in coral skeleton as in the stalagmite results in the inclusion of temporally disjunct 
material representing differing environmental regimes thus causing significant bio-smoothing. 
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Figure 3-4: Bio-smoothing in coral skeleton with relation to tissue depth and extension rate. A) 
Polished-etched SEM photomicrograph through a Porites lobata calice showing a tissue depth of 
2.3 mm, scale bar = 1 mm. B) Bio-smoothing values (calculated as tissue depth/extension rate) for a 
variety of reef-building corals. Coral species: 1 Acropora cytherea [Nothdurft and Webb, 2007 and 
references therein]; 2 Acropora spp. [Nothdurft and Webb, 2007 and references therein]; 3 
Diploastrea heliopora [Damassa et al., 2006; Todd et al., 2004]; 4 Diploria labyrinthiformis 
[Cohen et al., 2004; Logan and Tomascik, 1991]; 5 Goniastrea favulus [Nothdurft and Webb, 2007 
and references therein]; 6 Goniastrea retiformis [Nothdurft and Webb, 2007 and references therein]; 
7 Pocillopora damicornis [Nothdurft and Webb, 2007 and references therein]; 8 Porites lobata 
[Nothdurft and Webb, 2007 and references therein]; 9 Porites spp. [Nothdurft and Webb, 2007 and 
references therein]; 10 Siderastrea radians [Cortés and Risk, 1985; Duerden, 1904; Moses et al., 
2003]; 11 Siderastrea siderea [Guzmán and Tudhope, 1998; Vásquez-Bedoya et al., 2012]. C) 
Schematic diagram through coral skeleton (e.g., septum) where the extension rate is equal to the 
tissue thickness. Four colours (black through white) represent three month increments of growth. D) 
Schematic diagram through coral skeleton (e.g., septum) where the extension rate is equal to four 
times the tissue thickness. Note the significantly lower degree of bio-smoothing for the higher 
extension rate example. 
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Figure 3-5: Tissue thickness of two separate Porites spp. colonies from the shallow reef slope of 
Heron Reef. A) Colony has a thin tissue layer of only 4 mm. B) Colony with thicker tissue layer of 
12 mm. Such variations in tissue thickness and associated bio-smoothing can have a significant 
impact on the accuracy of paleoclimate reconstructions, and thus must be considered when 
attributing error bars to datasets. For example, the sample shown in B has greater potential for bio-
smoothing owing to its thicker tissue layer, however the exact influence will also depend on the 
relative extension rate. 
 
Significant interspecies variations in calcification—and therefore bio-smoothing potential—have 
been observed in the microstructure and growth patterns of different reef building corals [Nothdurft 
and Webb, 2007]. Acropora branches display a two stage thickening, with initial skeletal deposits 
consisting of RADs with a trabecular appearance forming septa, costae and spinules [see Nothdurft 
and Webb, 2007]. These deposits are then overlain by increasingly younger layers of TD ‘shingles’ 
that fill spaces and depressions within the calice [Nothdurft and Webb, 2007] (Figure 3-6A). This is 
especially a problem in rapidly extending branches, where the axial corallite may extend as much as 
185 mm year−1 [Mayor, 1924]. Importantly, the secondary infilling skeletal aragonite has been 
shown to contain relatively lower Mg/Ca and higher Sr/Ca and U/Ca ratios [Shirai et al., 2008]. 
This geochemical difference may be biologically induced, or may represent different ambient 
conditions associated with the temporal offset in deposition. Regardless of the cause, sampling 
procedures may result in the inclusion of temporally disjunct skeleton containing a mixture of older 
trabeculae and younger shingle deposits that may represent significantly different environmental 
conditions [Nothdurft and Webb, 2007]. Additionally, owing to the significant difference in relative 
trace element compositions of these two skeletal deposits observed in Acropora, geochemical 
signals from bulk analysis will also vary based on their relative proportions regardless of the 
ambient environmental conditions, reducing utility of the genus for paleoclimate reconstruction 
[Shirai et al., 2008].  
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Figure 3-6: A) Temporally disjunct skeletal growth in lateral corallites of Acropora. Skeleton is 
initially composed of Rapid Accretion Deposits (labelled as ‘Initial Skeleton’) with secondary 
thickening through the deposition of temporally offset shingle deposits. Black dashed line denotes 
the boundary between the two skeletal deposits on one side. Co-sampling of both types of material 
in one sample may result in significant time averaging of environmental signals. B) Skeleton in 
Porites is simpler, with thickening through the extension of RAD trabeculae as opposed to 
deposition of temporally disjunct shingles as observed in Acropora. 
 
In contrast, massive Porites colonies contain a much simpler microstructure. Extension of the 
trabeculae occurs more or less uniformly over the skeletal elements, with thickening by the 
extension of RADs as trabeculae fibres, not via the formation of disjunct TD fibre bundles (Figure 
3-6B). This structure potentially causes less mixing of temporally offset deposits, but thickening 
may still occur at the base of calices, especially along the edges of dissepiments and synapticulae 
[Nothdurft and Webb, 2007]. Time averaging therefore occurs even in corals with simple skeletal 
microstructure (Figure 3-3 & Figure 3-4). However, once a dissepiment is precipitated it provides a 
barrier between the skeleton and live tissue, preventing further skeletal accretion below that level 
[Brahmi et al., 2012; Nothdurft and Webb, 2007; Wellington et al., 1996].  
Nothdurft and Webb (2007) noted that the growth lines evident in polished and etched coral 
skeletons, such as Porites, may allow tracing of the exact temporal relationship between different 
deposits in some skeletal features. However, 86Sr labelling of Porites aragonite revealed that 
skeletal precipitation is not simultaneous along the entire front of growth represented by the growth 
lines [Brahmi et al., 2012; Domart-Coulon et al., 2014; Houlbrèque et al., 2009; Shirai et al., 
2012]. Rather, localised ‘hotspots’ apparent in NanoSIMS ion microprobe images occur along the 
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front suggesting that a given zone between growth lines does not represent a single daily increment, 
but may form over several days. This heterogeneity in precipitation adds further complexity to very 
fine scale time averaging of environmental signals, but few analytical techniques can measure 
relevant geochemistry at this spatial scale. Hence, the ‘growth lines’ provide a basic guide to the 
temporal relationship of skeletal deposits and can show where precipitation is completely disjunct 
(see Figure 11 in Nothdurft and Webb [2007]). 
The effect of attenuated environmental signals incorporated into coral aragonite as a result of 
skeletal thickening throughout the tissue layer has recently been discussed by Nothdurft and Webb 
[2007] and Gagan et al. [2012]. Nothdurft and Webb [2007] suggested that skeletogenesis-induced 
bio-smoothing can be quantified by dividing tissue thickness by coral extension rate, which Gagan 
et al. [2012] termed the ‘effective tissue thickness’. Where the tissue thickness is thin relative to the 
extension rate, bio-smoothing would represent a smaller time interval and the biologically averaged 
data would be more similar to the actual temperatures encountered. However, where the tissue 
thickness approaches the extension rate, it becomes possible to precipitate aragonite throughout the 
entire year at the same level of skeleton, thus potentially averaging inputs from both seasons (Figure 
3-4). The resulting periodic geochemical record in that case would reflect more differences in the 
percentage of sampled skeleton representing a given season, than the temperature difference 
between the seasons. Although some of the bio-smoothing effect may be accounted for in the way 
that individual paleothermometry transfer equations are calibrated and the analytical technique 
used, some reference to tissue thickness and skeletal architecture should be incorporated into 
sampling design [Nothdurft and Webb, 2007]. However, environmental signals with periods greater 
than 10 years are unlikely to be significantly affected by coral bio-smoothing as the signal period is 
significantly greater than the thickness over which skeletal deposition occurs [Gagan et al., 2012]. 
Individual years would still represent time-averaged data, but longer-term trends (e.g., as associated 
with ENSO variability) would still be apparent. Hence, Gagan et al. [2012] suggested the use of 
two different transfer equations for coral-based paleoclimate reconstruction: one calibration with 
attenuated sensitivity for seasonal to interannual signals and one calibration that has been rescaled 
for centennial to millennial scale environmental reconstructions. While the issue of bio-smoothing 
has been brought to the scientific community, further research is required before it can be fully 
quantified and corrected for. 
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3.5.4 Coral microstructure variations  
Recent technological improvements in sampling capabilities allow the analysis of coral skeleton on 
the scale of micrometres, which in turn has revealed significant geochemical variability within both 
the ultrastructure (Table 3-1) and microstructure of the coral skeleton [Allison et al., 2010; Giry et 
al., 2010; Juillet-Leclerc et al., 2009; Leder et al., 1996; Rollion-Bard et al., 2003; Watanabe et al., 
2002]. Micrometer-scale variations of δ18Ocoral in P. lutea (> 10‰ in 100 µm) are greater than 
previously observed when sampling was limited to millimetre accuracy (~1‰) and appear to be 
greatest in aragonite precipitated under high pH conditions [Rollion-Bard et al., 2003]. SIMS 
analysis of P. lobata fasciculi (bundles of acicular crystals which comprise the majority of the coral 
skeleton) suggests that variability in skeletal δ18O is enhanced in late autumn and winter deposits 
associated with high density bands [Allison et al., 2010]. Similarly, skeletal fasciculi in Acropora 
verweyi incubated under constant temperature and δ18Osw conditions indicate δ18Ocoral variations of 
up to 5‰ in aragonite fibres [Juillet-Leclerc et al., 2009]. These and similar observations suggest 
that ambient seawater conditions are not the primary control for δ18Ocoral heterogeneity, which may 
instead be controlled by variations in extracellular calcifying fluid (ECF), pH or source of dissolved 
inorganic carbon (DIC) [Adkins et al., 2003; Allison et al., 2010; Rollion-Bard et al., 2003; Rollion-
Bard et al., 2011].  
Table 3-1: Variations in geochemical proxies associated with differences in skeletal ultra-structure 
and sampling technique in Diploria strigosa (data from [Giry et al., 2010]). 
 Average δ18O (‰) Average Sr/Ca (mmol/mol) 
Microdrilling* theca -4.27 9.080 
Microgrinding‡ theca -4.02 9.142 
Microgrinding columella -3.99 9.331 
Microgrinding septa -3.73 9.346 
*Microdrilling was conducted with a 0.6 mm diameter drill bit. 
‡Microgrinding was conducted with a 1.4 mm diameter drill bit. 
 
Restriction of skeletal sampling to regions formed under conditions with a pH lower than 8 (i.e., 
ultrastructure precipitated at night due to reduced CO2 consumption for photosynthesis by 
symbiotic zooxanthellae) has been suggested to reduce δ18Ocoral variability to ±2‰ [Rollion-Bard et 
al., 2003]. This restriction however, requires detailed knowledge of complex skeletal growth 
processes that display significant variability between coral genera [Nothdurft and Webb, 2007]. 
Skeletal samples from the theca (the wall surrounding the coral polyp) contain the lowest δ18O 
values [Giry et al., 2010; Juillet-Leclerc et al., 2009] and are also predominately composed of 
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RADs, which unlike fibrous TDs, may contain δ18O variations more representative of 
environmental conditions [Juillet-Leclerc et al., 2009]. Rapid Accretion Deposits are also believed 
to be precipitated at night [Cohen et al., 2001] and thus potentially under lower internal pH 
conditions [Blamart et al., 2007]. Therefore, to minimise the effects of microstructure heterogeneity 
we recommend geochemical sampling for δ18Ocoral from the RAD or, if micrometre scale sampling 
is not available/microstructure of the coral species used does not allow for easy isolation of the 
RAD, the theca. 
Strontium concentrations also display significant variability related to skeletal ultrastructure (Table 
3-1) and thus require careful consideration prior to paleoenvironmental analysis [Giry et al., 2010; 
Meibom et al., 2004; Reynaud et al., 2007]. Ion micro-probe analysis of P. clavus indicates 
increasing Sr concentrations towards RADs, although Sr deposits are not limited to that region 
[Meibom et al., 2004]. Increased levels of Sr in Stylophora pistillata aragonite have also been 
associated with lower rates of calcification [Ferrier-Pages et al., 2002]. If this relationship is 
consistent across coral genera, aragonite precipitated at night when skeleton calcification is reduced 
[Davies, 1989; Goreau and Goreau, 1959; Osinga et al., 2011] is likely to contain elevated Sr 
concentrations compared to material precipitated during the day. Rapid Accretion Deposits in P. 
lutea are thought to be precipitated at night [Cohen et al., 2001] and thus coral growth dynamics 
can potentially explain the observed patterns of Sr incorporation within coral skeleton ultrastructure 
[Meibom et al., 2004]. Analysing the RAD for geochemical signatures, where possible, allows the 
concomitant ‘reliable’ measurement of both δ18O and Sr/Ca, providing further confidence in the two 
proxy signals. 
Micro-probe analysis of coral aragonite reveals a higher correlation between Mg and skeletal 
ultrastructure than that observed for Sr, with the highest Mg concentrations also observed in RADs 
[Brahmi et al., 2012; Meibom et al., 2004]. This distribution suggests that Mg is incorporated into 
the coral skeleton via a biologically mediated active uptake mechanism [Meibom et al., 2008; 
Meibom et al., 2004; Reynaud et al., 2007] independent of both zooxanthellae and ambient marine 
conditions (as evidenced in the deep-sea coral Caryophyllia ambrosia) [Meibom et al., 2008], and is 
hence a vital effect. With such a high spatial heterogeneity, sampling offsets on the order of several 
micrometres may result in significant differences in Mg concentration of 50–100% [Reynaud et al., 
2007]. Chave [1954] and Meibom et al. [2004] suggested that Mg may be used by corals to control 
calcification in a similar manner as predicted for bivalves [Rosenberg et al., 2001] through the 
stabilisation of amorphous calcium carbonate [Meibom et al., 2008; Meibom et al., 2004; Rosenberg 
et al., 2001]. Hence, the heterogeneous distribution of Mg within coral microstructure may be 
related to areas of enhanced aragonite nucleation in the RADs. 
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3.5.5  Modern SST datasets and the suitability of transfer equations 
The calibration of coral geochemistry against SST can be completed with two different temperature 
records—in situ or satellite derived datasets. Under an ideal scenario, modern SST will be recorded 
by an in situ sensor in close proximity to the corals used in the calibration process (although in 
reality these records are commonly collected several km away from the coral colonies) [DeLong et 
al., 2011; e.g., Swart et al., 2002; Yu et al., 2004]. However, in situ monitoring programs are 
expensive to set up and maintain [Castillo and Lima, 2010], with limited loggers available in coral 
reef environments. In light of this, gridded SST datasets acquired by satellites [Castillo and Lima, 
2010], or optimally interpolated datasets combining both satellite and in situ observations [Reynolds 
and Smith, 1994; Reynolds et al., 2002] are commonly used in the calibration processes [e.g., 
Bagnato et al., 2004; Gallup et al., 2006; Hetzinger et al., 2006; Wu et al., 2013]. Satellite derived 
datasets are cheaper to acquire, and provide a larger spatial representation of SST that can be 
beneficial to large scale paleoclimate reconstructions. Unfortunately, smaller scale spatial and 
temporal SST variations associated with reef environments [Castillo and Helmuth, 2005; Leichter et 
al., 2006] that may affect coral growth and development [Castillo and Helmuth, 2005; Coles and 
Jokiel, 1977; Hoegh-Guldberg and Smith, 1989; Putnam and Edmunds, 2011] cannot be recorded. 
Satellite based sensors are also unable to measure subsurface water temperature [Barton, 2007; 
Kilpatrick et al., 2001]. Therefore, datasets require calibrations to provide an estimate of ‘bulk’ SST 
[Barton, 2007; Kilpatrick et al., 2001; Reynolds et al., 2002] representative of conditions around the 
coral colony. 
The agreement between in situ records and calibrated satellite SST data varies with location and 
throughout the annual cycle [Lough, 1999]. A comparison between weekly averaged 0.5-degree 
satellite SST data [collected by the Advanced Very High Resolution Radiometer (AVHRR) carried 
on the National Oceanic and Atmospheric Administration (NOAA) Polar-orbiting Operational 
Environmental Satellites (POES) as part of the Coral Reef Watch operation] and in situ temperature 
records from Heron Reef [Collected by the Integrated Marine Observing System (IMOS) via a 
ReefNet Sensus Ultra located at a depth of 7.9 m] indicate a positive bias of up to 2 °C in the 
satellite derived data (Figure 3-7). Castillo and Lima [2010] however, observed a strong similarity 
between Moderate Resolution Imaging Spectroradiometer (MODIS) SST measurements on-board 
both the Terra and Aqua satellites with in situ measurements (Hobo Water Temperature Pro Data 
Loggers) of Belize reefs recorded at 3–5 m depth. These differences between SST datasets must be 
considered when reporting the accuracy of a paleothermometer, and may partially explain the 
significant variability observed in coral transfer equations. 
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Figure 3-7: Satellite vs in situ temperature datasets for Heron Reef, southern GBR. Advanced Very 
High Resolution Radiometer measurements from the NOAA PEOS satellites indicate warmer water 
temperatures (up to 2 °C warmer) than those measured in situ at 7.9 m depth by a ReefNet Sensus 
Ultra logger situated on the southern reef slope. This offset represents a significant difference 
between satellite measured sea ‘skin’ temperature and that of the upper water column where corals 
reefs grow. 
 
Published relationships used to convert coral δ18O and Sr/Ca signatures into SST are highly variable 
(Figure 3-8) and specific for both coral species [Houck et al., 1977; Weber and Woodhead, 1972] 
and geographic location [Linsley et al., 2006]. For example, an intra-specific difference in δ18O 
sensitivity of 0.05‰/°C was reported for Caribbean Diploria strigosa colonies between Guadeloupe 
[Hetzinger et al., 2006] and Bonaire [Giry et al., 2010]. Significant variability observed in the 
reported sensitivities of coral transfer equations is unsurprising given the strong differences 
observed in interspecies skeletal ultrastructure [Nothdurft and Webb, 2007] and differences in inter- 
and intra-species growth rates and associated vital effects [Felis et al., 2003; Guilderson and 
Schrag, 1999; McConnaughey, 1989] that are compounded by spatial and temporal variations in 
ambient geochemical conditions [de Villiers, 1999; de Villiers et al., 1994; Grottoli and Eakin, 
2007; Hill et al., 2012; Shen et al., 1996]. Care should be taken to ensure that calibrations of 
geochemical signatures account for inter-colony differences in vital effects. Growth corrected 
calibrations of Sr/Ca produced from a single colony of Diploria labyrinthiformis [Goodkin et al., 
2007] did not apply well to core material collected from other colonies in the same location. 
However, combining Sr/Ca signatures from several D. labyrinthiformis colonies into a single 
growth corrected calibration resulted in SST reconstructions with a higher level of accuracy and 
precision against the modern instrumental record [Goodkin et al., 2007]. Bio-smoothing within the 
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coral skeleton may also result in a particularly low calibration slope for the paleothermometer, 
which in turn would result in anomalously large amplitudes in reconstructed SSTs [Alibert and 
Kinsley, 2008; Linsley et al., 2006]. In light of these results, coral shape and microstructure, 
ambient environmental conditions and the calibration technique must be considered carefully when 
selecting the transfer equation to be used for any given SST reconstruction. Use of a pre-existing 
transfer equation developed for a species from a different geographic region or a different coral 
species altogether may introduce significant errors in absolute temperature values and the amplitude 
of temperature cycles. Hence, if such a transfer equation is to be used, its suitability should first be 
demonstrated via a comparison of SST reconstructions from modern corals against local 
instrumental SST records. As that is not possible for fossil and sub-fossil samples, the degree of 
potential error should be considered and reported. 
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Figure 3-8: Published SST relationships of δ18O and Sr/Ca ratios for select corals. A) δ18O 
signatures. Coral species: 1 Acropora sp. [Reynaud-Vaganay et al., 1999]; 2 Diploastrea heliopora 
septa [Bagnato et al., 2004]; 3 Diploastrea heliopora columella [Bagnato et al., 2004]; 4 Diploria 
strigosa [Hetzinger et al., 2006]; 5 Montastrea faveolata [DeLong et al., 2011]; 6 Montastrea 
faveolata [Smith et al., 2006]; 7 Porites lutea [Yu et al., 2005a]; 8 Porites lutea [Gagan et al., 
1998]; 9 Siderastrea siderea [Maupin et al., 2008]; 10 Siderastrea siderea [DeLong et al., 2011]; 
11 Stylophora pistillata [Reynaud-Vaganay et al., 1999]. B) Sr/Ca signatures. Coral species: 1 
Acropora palmata radial growth [Gallup et al., 2006]; 2 Acropora palmata axial growth [Gallup et 
al., 2006]; 3 Diploastrea heliopora [Bagnato et al., 2004]; 4 Diploria strigosa [Hetzinger et al., 
2006]; 5 Montastraea annularis [Swart et al., 2002]; 6 Montastraea faveolata [Smith et al., 2006]; 7 
Montastraea faveolata [Flannery and Poore, 2013]; 8 Montipora verrucosa [Smith et al., 1979]; 9 
Pocillopora damicornis [Smith et al., 1979]; 10 Porites spp. [Smith et al., 1979]; 11 Porites sp. 
[Calvo et al., 2007]; 12 Porites lutea microatoll, Tonga, bimonthly resolution sampling [Wu et al., 
2013]; 13 Porites lutea microatoll, Tonga, annual resolution sampling [Wu et al., 2013]; 14 Porites 
lutea microatoll, Fiji, bimonthly resolution sampling [Wu et al., 2013]; 15 Porites lutea microatoll, 
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Fiji, annual resolution sampling [Wu et al., 2013]; 16 Siderastrea siderea [Maupin et al., 2008]; 17 
Siderastrea siderea [DeLong et al., 2011]. Note that both slope (sensitivity of the geochemical 
paleothermometer) and the intercept (relation to absolute temperature values) of the equations 
display large variations that reflect differences in coral species, geographic location and sampling 
resolution. 
 
3.5.6 Screening for diagenesis 
Diagenesis in coral skeletons is a major consideration for paleoclimate research regardless of the 
scale of analysis or age of the coral. Significant diagenesis may occur within individual coral 
skeletons while the coral is still alive [Nothdurft and Webb, 2009; Potthast, 1992] and the 
incorporation of coral reefs into the geological record rarely occurs without physical and/or 
geochemical alteration through diagenesis [Enmar et al., 2000; McGregor and Abram, 2008; 
Montaggioni and Braithwaite, 2009; Sayani et al., 2011]. Diagenetic features within the coral 
skeleton must be identified and avoided prior to any attempt at environmental reconstruction based 
on geochemical proxies [Allison et al., 2007; Enmar et al., 2000; Hendy et al., 2007; McGregor and 
Gagan, 2003; Müller et al., 2001; Nothdurft et al., 2007; Quinn and Taylor, 2006]. Common 
diagenetic interactions include the infilling of pore spaces and borings by secondary precipitates, 
which are mostly early marine cements or microbialites composed of aragonite and/or high-Mg 
calcite (HMC) [Allison and Tudhope, 1992; Allison et al., 2007; Le Campion-Alsumard et al., 1995; 
Nothdurft and Webb, 2009; Quinn and Taylor, 2006; Rabier et al., 2008; Sorauf and Cuif, 2001] 
and dissolution and/or recrystallization of aragonite into low-Mg calcite (LMC) in meteoric 
environments [James, 1974; McGregor and Gagan, 2003; Sayani et al., 2011; Spiro and Hansen, 
1970; Webb et al., 2009] (Figure 3-9). Most of these diagenetic features reflect interactions between 
the coral skeleton and ambient diagenetic fluids (seawater or groundwater) [Enmar et al., 2000; 
McGregor and Abram, 2008; Sayani et al., 2011], but many diagenetic processes are enhanced, or 
driven, by biological processes associated with endoliths or endobionts [Nothdurft and Webb, 2009; 
Nothdurft et al., 2005]. Significant diagenetic alteration may occur even within the most recently 
deposited skeleton in the uppermost zone occupied by living tissue [Nothdurft et al., 2007]. The 
extent and timing of diagenetic alteration depend on the chemistry and volume of diagenetic fluid as 
mediated by porosity and permeability of the skeleton [Hendy et al., 2007; Martin et al., 1986; 
Ribaud-Laurenti et al., 2001] and the setting (e.g., living or dead coral; marine or meteoric 
environment). Skeletal porosity and permeability vary with taxonomy [Perrin and Cuif, 2001], 
which in turn controls skeletal ultrastructure [James, 1974; Perrin and Cuif, 2001], composition of 
intraskeletal organic matrices [Gautret, 2001] and the degree of associated bioerosion [Nothdurft 
and Webb, 2009]. Rapid Accretion Deposits appear to be the most susceptible component of coral 
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ultrastructure to aragonite dissolution owing to their high porosity (Figure 3-9C) [Dullo, 1984; 
James, 1974; Reuter et al., 2005; Sayani et al., 2011; Sorauf, 1978; 1980]. Other regions containing 
high levels of organic matrix are also particularly susceptible to diagenesis [Allison et al., 2005; 
DeLong et al., 2010; Gardner, 1973; James, 1974; McGregor and Abram, 2008; Nothdurft et al., 
2007; Perrin, 2003; Sayani et al., 2011; Sorauf and Cuif, 2001; Spiro and Hansen, 1970; Tribble, 
1993; Webb et al., 2009]. Organic matter may increase the diagenetic susceptibility of primary coral 
aragonite in two ways. Firstly, degradation through either oxidation or microbial action [Sorauf and 
Cuif, 2001] increases the skeletal porosity and enhances the migration of diagenetic fluids [James, 
1974; Sorauf and Cuif, 2001]. Secondly, the degradation of organic matter results in increased 
acidity, which in turn favours carbonate dissolution [Arkley, 1963; Marubini et al., 2003; Miller, 
1986; Purser and Schroeder, 1986]. 
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Figure 3-9: Diagenetic influences on coral skeletons. A) Secondary aragonite cement in the form of 
needles (in Acropora). B) Fine-grained HMC tetrahedral cement (in Acropora). C) Dissolution of 
the organic rich central section of the RAD (top) and infilling of the RAD with LMC (bottom) (in 
Montastrea). D) X-ray fluorescence microprobe (XFM) Sr concentration map of a transverse 
section through mid-Holocene Acropora branch with fibrous aragonite cement in some interseptal 
spaces. Light intensity shows relative Sr concentration with white being highest and black being 
lowest (interseptal spaces). Note that aragonite fringe cements consistently show higher Sr 
concentration than coral aragonite (grey). The map was generated at 2 µm pixel size with the Maia 
detector on the XFM beamline at the Australian Synchrotron. 
 
The effects of partial primary aragonite dissolution on geochemical signatures have received little 
attention and thus remain uncertain [Sayani et al., 2011]. The only published study that isolates the 
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effects of dissolution from secondary mineral precipitation suggests the formation of negative 
temperature anomalies within the Mg/Ca, Sr/Ca and U/Ca environmental signals [Hendy et al., 
2007]. As three individual proxy signals are affected, Hendy et al. [2007] warned against 
determining the reliability of paleoclimate data through the use of several proxy signals from the 
same coral sample without proper diagenetic screening. Dissolution effects are also unlikely to 
remain consistent within a colony; high density bands in massive Porites colonies have been noted 
to be more susceptible to aragonite dissolution, most likely due to the occurrence of smaller 
aragonite crystals in those bands [Reuter et al., 2005]. 
While HMC cements are relatively easy to recognise in coral skeletons owing to their small size, 
crystal morphology [Friedman et al., 1974] and trace element content, marine diagenesis commonly 
involves syntaxial precipitation of secondary aragonite cement on pre-existing primary skeletal 
aragonite. Although some syntaxial cement becomes coarser than original coral aragonite 
biocrystals, and is thus identifiable based on texture, cements may mimic the original morphologies 
of the skeletal ultrastructure [Dalbeck et al., 2011; Ribaud-Laurenti et al., 2001] making it difficult 
to identify petrographically. Secondary, inorganic aragonite has an increased resistance to early 
diagenesis [Sorauf and Cuif, 2001], potentially owing to its lack of associated organic matrix, and a 
reduced Mg/Ca ratio [Enmar et al., 2000; Sayani et al., 2011] compared to primary coral aragonite. 
Aragonite cement also commonly has higher Sr/Ca ratios than coeval coral aragonite (Figure 3-9d) 
[Allison et al., 2007; Enmar et al., 2000; Müller et al., 2001; Ribaud-Laurenti et al., 2001; Sayani et 
al., 2011]. Elevated δ18O and Sr/Ca ratios in aragonite cements in Porites corals collected from the 
Line Islands, central tropical Pacific [Sayani et al., 2011] and the Gulf of Aquaba, northern Red Sea 
[Enmar et al., 2000] result in SST anomalies of as much as −3 °C and −5 °C, respectively, 
compared against primary skeletal aragonite. Hendy et al. [2007] reconstructed similar negative 
SST anomalies from δ18O (−1.6 °C), Sr/Ca (−1.7 °C) and Mg/Ca (−1.9 °C) data in corals that were 
significantly affected by secondary aragonite cement. Diagenetic screening prior to geochemical 
analysis therefore remains absolutely critical as differences between geochemical 
paleothermometers in the same sample cannot act as a reliable indicator [Hendy et al., 2007].  
Even greater alteration of geochemical signals occurs in regions where aragonite has partially been 
recrystallised to LMC, or where LMC cements have been emplaced, generally as a result of 
meteoric diagenesis. As expected, regions of 100% LMC in uplifted mid-Holocene Porites colonies 
from Papua New Guinea contain lower Sr/Ca ratios and lighter δ18O than corresponding regions of 
100% aragonite [McGregor and Gagan, 2003]. Strontium/calcium ratios (Sr/Caatomic x 103) 
decreased from 0.0088 (100% aragonite) to 0.0021 (100% calcite). Similar decreases in Sr 
concentration were observed in fossil mollusc shells and the coral Montastrea annularis from the 
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Pleistocene of Florida following neomorphism of skeletal aragonite into LMC [Maliva, 1998; 
Martin et al., 1986]. Webb et al. [2009] found that neomorphic LMC that partially replaced the 
aragonite skeleton of M. annularis from the last interglacial reef of Windley Key, Florida contains 
on average only 40% of the Sr content of the skeletal aragonite. Even LMC deposited within 
borings in live Porites colonies have significantly lower Sr/Ca ratios (mean Sr/Cacoral = 9.9 ± 1.2 
mmol/mol, mean Sr/CaLMC = 6.3 ± 1.3 mmol/mol) [Nothdurft et al., 2007]. Calcite forms a tighter 
rhombohedral carbonate lattice than orthorhombic aragonite; therefore the larger Sr2+ ion becomes 
less thermodynamically favourable and the smaller Mg2+ ion increases in abundance in calcite 
relative to aragonite [Kinsman and Holland, 1969; Lorens, 1981; Veizer, 1983]. Samples from open 
vadose diagenetic systems generally have diagenetically reduced Sr that results in anomalously 
warm SST reconstructions [McGregor and Gagan, 2003; McGregor and Abram, 2008].  
Due to the differences in δ18O of fresh and seawater, the presence of diagenetic calcite can result in 
both positive and negative anomalies in the δ18O paleothermometer [McGregor and Gagan, 2003] 
depending on the signature of the diagenetic fluid (positive and negative signatures, respectively). 
McGregor and Gagan [2003] concluded that diagenetically induced δ18O signals in uplifted Porites 
corals from Papua New Guinea are negligible. Their observations suggest a much higher sensitivity 
of the Sr/Ca paleothermometer to meteoric carbonate replacement (estimated at 1.1–1.5 °C per % 
calcite) than the δ18O signal (estimated at −0.2–0.2 °C per % calcite) [McGregor and Gagan, 2003; 
Sayani et al., 2011]. Interestingly, smoothing of the high resolution data to monthly signals was 
suggested to preserve the seasonal SST cycle in both the Sr/Ca and δ18O skeletal records in the 
altered corals [McGregor and Gagan, 2003]. Diagenetic alteration of Sr/Ca ratios may be enhanced 
in increasingly open systems where there is adequate water-rock interaction and sufficient time 
between dissolution and precipitation for the re-distribution of elements to occur [Martin et al., 
1986; Sayani et al., 2011]. However, the high mobility of divalent cations allows Sr/Ca ratios to be 
significantly altered even in relatively closed systems (e.g., LMC in microborings in coral 
aragonite) [Nothdurft et al., 2007]. 
Enhanced deposition of early marine cements is commonly, but not invariably, associated with 
microendoliths and endobionts, such as clionid sponges, that inhabit abandoned portions of the 
corallum [Nothdurft and Webb, 2009; Ribaud-Laurenti et al., 2001]. Hence, the distribution of 
cements within a sample may be very heterogeneous. Cements are generally precipitated in 
microenvironments that may not reflect the chemistry of ambient seawater, as revealed by the 
presence of brucite and LMC in live coral skeletons [Buster and Holmes, 2006; Clark et al., 2014; 
Nothdurft and Webb, 2009; Nothdurft et al., 2007; Nothdurft et al., 2005]. The inclusion of exotic 
cements in geochemical samples therefore may bias the results significantly away from the ambient 
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seawater conditions [Nothdurft and Webb, 2009]. Additionally, cements that are more easily 
attributed to physico-chemical precipitation—and which may reflect ambient seawater chemistry—
may be enhanced in shallow tropical reef environments where solar heating and wave induced 
degassing of CO2 increases the ambient pH and decreases carbonate solubility [Arkley, 1963; 
Gischler and Lomando, 1997; Hanor, 1978; Marubini et al., 2003; Tribble, 1993]. Nothdurft and 
Webb [2009] found that corals exposed on the reef flat at low tide displayed unexpectedly high 
levels of early marine diagenesis, cement deposits and bioerosion relative to corals from subtidal 
and ponded reef flat settings. Live branching corals appear to have lower incidences of 
microborings, with a higher abundance observed in slower growing massive colonies of Goniastrea 
and Porites [Nothdurft and Webb, 2009]. This differentiation based on growth morphology may 
reflect an inability of endolithic organisms to keep up with the higher growth rates observed in coral 
branches [Nothdurft and Webb, 2009]. 
Early marine dissolution of primary aragonite cannot be identified by densitometry or X-ray 
imagery [Hendy et al., 2007; McGregor and Abram, 2008], but scanning electron microscopy 
(SEM) images can reveal indicative features such as exposed fasciculi bundles, etching of skeletal 
surfaces and altered crystal morphologies [Hendy et al., 2007]. Cement deposits can be identified 
through a combination of SEM imagery, UV photographs (speckled patches of high luminescence) 
and X-ray positives (areas of high density) [Hendy et al., 2007; Kuhnert et al., 1999]. However, 
samples containing severe diagenesis (i.e., calcite cements accounting for up to 30% of the coral 
mass) may remain unidentified using X-radiographs [Sayani et al., 2011]. McGregor and Abram 
[2008] provided a guide for identifying low levels of diagenesis in petrographic thin section, 
allowing the identification of primary and secondary aragonite deposits that cannot be distinguished 
through X-ray Diffraction (XRD) [Rabier et al., 2008]. Staining of carbonate materials in thin 
section with Feigl’s solution also allows the distinction between optically similar aragonite (stains 
black) and calcite deposits (remains colourless) [Friedman, 1959]. Inorganic calcite was noted to 
contain anhedral crystals whereas inorganic aragonite contained growth features and either fibrous 
or needle-shaped morphologies [McGregor and Abram, 2008] that lack birefringence colours 
observed in LMC [Rabier et al., 2008]. Dissolution of primary aragonite can also be identified by a 
brown hue around RADs in optical microscopy due to the refraction of light in the resulting voids 
between primary aragonite needles [McGregor and Abram, 2008]. Regardless, Sayani et al. [2011] 
warned against a reliance on X-radiography or thin section screening as syntaxial aragonite 
cements, minor levels of diagenesis or cement filled borings [see Nothdurft et al., 2007] may remain 
undetected. X-ray diffraction is capable of detecting large scale recrystallisation of aragonite to 
calcite, but may not resolve small amounts of calcite [Li and Jones, 2013; McGregor and Abram, 
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2008]. Additionally, the kinetic transformation of aragonite to calcite and calcite to aragonite during 
grinding has been well documented in the processing of powders for XRD and/or geochemical 
sampling [Burns and Bredig, 1956; Dandurand et al., 1982; Gammage and Glasson, 1976; 
Martinez et al., 1981]. Therefore the preferential method of diagenetic vetting will involve several 
detection techniques, including the use of SEM and thin sections to directly examine coral 
microstructures and surfaces. 
 Future Developments for Coral Paleoclimate Research  
Lough [2004] suggested that a reliable climate proxy should be influenced by climate, preserve an 
accurate and datable record of that influence, and be interpreted in a quantifiable manner that 
remains consistent between researchers. Unfortunately, no single identified paleoclimate proxy is 
perfect and strength in paleoclimate reconstructions comes from replication of multiple samples to 
ensure that the interpreted signals are environmental in nature and not just local noise [Lough, 
2004]. Massive Porites colonies are most commonly used for coral based paleoenvironmental 
interpretations [Cahyarini et al., 2009; Charles et al., 1997; Gagan et al., 1994; Kuhnert et al., 
1999; Quinn et al., 1996; Shen et al., 1996; Wellington et al., 1996] owing to their high abundance 
in the Indo-Pacific, life spans covering several centuries and distinct annual density banding that 
aids the construction of coral growth trajectories [Armid et al., 2011; Gagan et al., 1994; Grottoli 
and Eakin, 2007; Grottoli et al., 2005; Knutson et al., 1972; Lough, 2010]. 
Despite their frequent use in the Indo-Pacific, massive Porites corals still provide challenges for 
paleoclimate reconstruction. At least fourteen massive species of Porites have been documented, 
with overlapping geographical distributions [Bagnato et al., 2004; Veron, 2000b] that may result in 
misidentification and potentially incorrect paleoclimate interpretations. Few Porites colonies more 
than 100 years old have been identified in ENSO sensitive regions, with none reported outside the 
Indo-Pacific [Bagnato et al., 2004]. 
With the current requirement for climate reconstructions representing intervals prior to the last 
several hundred years [IPCC, 2007; Masson-Delmotte et al., 2013], coral based paleoclimate 
reconstructions are likely to shift from selective coring of individual colonies to reef cores that 
penetrate deeper into older sections of the reef framework. However, sampling by this method does 
not allow for specific targeting of massive Porites colonies, with cores instead typically recovering 
significant proportions of branching corals (Figure 3-10) [Marshall and Davies, 1982; Montaggioni, 
2005; Webster and Davies, 2003]. Developing paleoclimate reconstructions using alternative 
dominant, non-Porites species such as Acropora, would greatly increase the amount of recoverable 
data from reef cores, as well as strengthening the field of coral based paleoclimate by allowing 
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more frequent use of inter-species comparisons of specific reconstructions representing the same 
location. 
 
 
Figure 3-10: Coral compositions of reef cores collected from the southern GBR by Peter Davies and 
the Bureau of Mineral Resources in the late 1970’s and early 1980’s. Despite a relatively high 
recovery of massive Porites colonies, corymbose Acropora dominate the cores. Combining 
branching coral species with massive Porites as paleoclimate indicators will result in significant 
increases in climate data recoverable from reef cores. 
 
Despite the apparent dominance of massive Porites based reconstructions, significant headway has 
been made regarding the development of alternate indicator species that will be crucial for reef core 
sampling techniques. This research has been focused predominately in the Atlantic Ocean, outside 
the geographical distribution of massive Porites colonies—with the exception of Porites astreoides 
that commonly forms encrusting colonies [Bagnato et al., 2004; Veron, 2000b]—and includes both 
massive (Table 3-2) and branching (Table 3-3) forms. 
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Table 3-2: Massive morphology corals that have seen recent testing as potential paleoclimate 
indicator species. 
Species: Diploastrea heliopora 
Distribution: Throughout the Indo-Pacific 
extending to Madagascar, east African coast 
and the Red Sea [Montaggioni and 
Braithwaite, 2009; Veron, 1986; 2000b]. 
Habitat: Sheltered and exposed reef habitats. 
High abundance typically restricted to the 
back reef margin [Veron, 1986]. 
Calice Depth/Tissue Thickness: 1.72–2.26 
mm [Todd et al., 2004]. 
Annual Growth Rate: 2–6 mm year−1 
[Damassa et al., 2006]. 
Potential Time Averaging: 0.29–1.13 years. Number of Species in Genus: One [Bagnato 
et al., 2004; Veron, 1986]. 
Species: Diploria labyrinthiformis 
Distribution: Caribbean extending up to 
Bermuda [Veron, 2000b]. 
Habitat: Shallow water reef regions [Veron, 
2000b]. 
Calice Depth/Tissue Thickness: 3–4 mm 
[Cohen et al., 2004]. 
Annual Growth Rate: 2–8 mm year−1 
[Logan and Tomascik, 1991]. 
Potential Time Averaging: 0.375–2 years. Number of Species in Genus: Three [Veron, 
2000b]. 
Species: Diploria strigosa 
Distribution: Caribbean extending up to 
Bermuda [Veron, 2000b]. 
Habitat: Found in most reef regions, but 
especially in lagoons and on shallow slopes 
[Veron, 2000b]. 
Calice Depth/Tissue Thickness: 
Unreported. 
Annual Growth Rate: 4–9 mm year−1 [Giry 
et al., 2010; Hetzinger et al., 2006]. 
Potential Time Averaging: Unknown. Number of Species in Genus: Three [Veron, 
2000b]. 
Species: Dipsastraea (Favia) speciosa 
Distribution: Throughout the Indo-Pacific, 
Madagascar, east African coast, Red Sea and 
Persian Gulf [Veron, 2000b]. 
Habitat: Found in environments of 
scleractinian coral reefs. 
Calice Depth/Tissue Thickness: 
Unreported. 
Annual Growth Rate: 4.6–7.1 mm year−1 
[Seo et al., 2013]. 
Potential Time Averaging: Unknown Number of Species in Genus: ≥ Twenty 
[Budd et al., 2012]. 
Species: Montastraea faveolata 
Distribution: Caribbean and the Gulf of 
Mexico extending up to Bermuda [Veron, 
2000b]. 
Habitat: Upper reef slopes and lagoons 
[Veron, 2000b]. 
Calice Depth/Tissue Thickness: 
Unreported. 
Annual Growth Rate: 6–11 mm year−1 
[Gischler and Storz, 2009]. 
Potential Time Averaging: Unknown. 
Number of Species in Genus: Twelve 
[Veron, 2000b]. 
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Species: Pavona clavus 
Distribution: Throughout the Indo-Pacific, 
Madagascar, east African coast, Red Sea and 
the west coasts of Mexico, Central America, 
Colombia and Ecuador [Veron, 2000a]. 
Habitat: Abundant on shallow water reef 
slopes that are exposed to ocean currents 
[Veron, 1986; 2000a]. 
Calice Depth/Tissue Thickness: 
Unreported. 
Annual Growth Rate: 11–18 mm year−1 [de 
Villiers et al., 1994; Dunbar et al., 1994; 
Meibom et al., 2008; Shen et al., 1992].. 
Potential Time Averaging: Unknown. Number of Species in Genus: Fifteen 
[Veron, 2000a]. 
Species: Siderastrea siderea 
Distribution: Caribbean, Gulf of Mexico 
extending up to Bermuda [Veron, 2000a]. 
Habitat: Shallow reef regions [Veron, 
2000a]. 
Calice Depth/Tissue Thickness: 3.5–8 mm 
[Guzmán and Tudhope, 1998].  
Annual Growth Rate: 1.65–8 mm year−1 
[Guzmán and Tudhope, 1998; Vásquez-
Bedoya et al., 2012]. 
Potential Time Averaging: 0.44–4.85 years. Number of Species in Genus: Five [Veron, 
2000a]. 
Species: Siderastrea radians 
Distribution: Caribbean, Gulf of Mexico, 
Bermuda, subtropical waters of the east coast 
of North America and the tropical west coast 
of Africa [Veron, 2000a]. 
Habitat: Shallow reef regions [Veron, 
2000a]. 
Calice Depth/Tissue Thickness: ~2mm 
[Duerden, 1904]. 
Annual Growth Rate: 1.3–12.4 mm year−1 
[Cortés and Risk, 1985; Moses et al., 2003]. 
Potential Time Averaging: 0.16–1.54 years. Number of Species in Genus: Five [Veron, 
2000a]. 
 
3.6.1 Alternate target coral species with massive morphology  
3.6.1.1 Genus Diploastrea 
Diploastrea heliopora [Lamarck, 1816] forms massive colonies that can reach 2 m high and 5 m 
wide [Veron, 2000b; Wells, 1956]. Corallites are plocoid and typically between 7.1 and 9.3 mm in 
diameter [Todd et al., 2004] with polyp tentacles extended for feeding at night [Veron, 2000b]. 
Diploastrea heliopora is distinctive amongst Pacific faviids due to its synapticulothecal wall [Budd 
and Stolarski, 2011; Wells, 1956] formed by the fusion of the outer sections of the septa [Budd and 
Stolarski, 2011]. Identification of Diploastrea is aided by both this distinctive morphology and the 
fact that the genus is monospecific [Bagnato et al., 2004; Veron, 1986]. These characteristics 
minimise errors introduced through inter-species variations and incorrect species identification 
[Bagnato et al., 2004]. 
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The potential for D. heliopora to be a paleoclimate archive lies in its occurrence throughout the 
Indo-Pacific Warm Pool; low growth rates of 2–6 mm year−1 over a long lifespan [Damassa et al., 
2006; Watanabe et al., 2003]; dense skeleton that typically contains few borings; and large 
colonies, which appear to be rarely grazed by either fish or the crown-of-thorns starfish [Veron, 
1986]. The very low extension rates of D. heliopora can be one-half those of massive Porites 
colonies, which are between 8.8 and 21.7 mm year−1 in the GBR [Lough and Barnes, 1997], thus 
allowing a core to contain approximately 2–3 times the temporal coverage as a similar sized core of 
Porites [Damassa et al., 2006]. Climate reconstructions from a single D. heliopora core may 
therefore potentially represent the last 800 years [Bagnato et al., 2004]. However, these low growth 
rates may also enhance kinetic effects that can jeopardise the quality of geochemical data 
[McConnaughey, 1989]. 
Despite lower growth rates, corallites in D. heliopora are 4–5 times larger in diameter than those of 
Porites, with both corallites and annual density bands visible in x-radiographs [Bagnato et al., 
2004; Damassa et al., 2006; Watanabe et al., 2003]. This morphology allows the targeted sampling 
of specific skeletal elements, thus eliminating the risk of signal attenuation from the bulk sampling 
of several corallites as required for most Porites based reconstructions [Gagan et al., 1994]. δ18O–
SST calibrations produced from the septa and columella of Fijian D. heliopora are similar 
(−0.15‰/°C and −0.16‰/°C respectively), with comparable relative interannual δ18Ocoral trends 
despite differences in absolute values [Bagnato et al., 2004]. This observation is interpreted as an 
indication that the two skeletal components precipitated more or less simultaneously [Bagnato et 
al., 2004]. However, Watanabe et al. [2003] and Damassa et al. [2006] observed reduced seasonal 
amplitude in septal δ18O signals from New Caledonian and Tanzanian D. heliopora. This intra-
species difference may be explained by variations in growth rate, which were twice as rapid in 
Fijian D. heliopora corals [Bagnato et al., 2004] than in those from New Caledonia [Watanabe et 
al., 2003]. This highlights a strict geographic control on climate interpretations derived from D. 
heliopora. From these observations, Bagnato et al. [2004] suggest that paleoclimate reconstructions 
based on D. heliopora are conducted from columella geochemistry to minimise any growth rate 
influences. 
δ18Ocoral reproducibility within D. heliopora colonies from the same geographic region is high. Two 
separate colonies from Fiji differ with a mean offset of only 0.13‰; indistinguishable within one 
standard deviation [Bagnato et al., 2004]. Furthering the potential for the use of D. heliopora as a 
paleoclimate archive is the proposal of a globally constant inter-genus offset with Porites, with 
comparable vital effects between the two species [Bagnato et al., 2004]. Similarly, the Sr/Ca-SST 
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calibration for Fijian D. heliopora of −0.034 mmol/mol/°C is believed to have a constant inter-
genus offset with Fijian, New Caledonian and Indonesian Porites [Bagnato et al., 2004]. 
Interestingly, Damassa et al. [2006] noted a post-1980 divergence between local SST records and 
the Tanzanian D. heliopora δ18O signal. Diploastrea heliopora records suggest a period of cooling, 
whereas instrumental records indicate an increase in the rate of recent warming. This difference has 
been interpreted as a reduction in the ability of D. heliopora to accurately record climate variability 
in the late 20th century due to enhanced coral stress from warmer SSTs and ocean acidification that 
is exacerbated by the initial slow growth rates of D. heliopora [Damassa et al., 2006]. Pre-1950s 
correlations between D. heliopora δ18O and alternate coral records and climate indices are 
consistently better than 99%; suggesting even if D. heliopora is not capable of providing a 
monitoring tool for current climate change, it may be appropriate for reconstructing Holocene 
climate variability [Damassa et al., 2006]. 
3.6.1.2  Genus Diploria 
The genus Diploria is one of the principle reef builders around the islands of Bermuda [Kuhnert et 
al., 2005] and thus has been analysed extensively for paleoclimate reconstructions of the North 
Atlantic. Diploria labyrinthiformis [Linnæus, 1758] forms massive colonies that are common in 
shallow reef environments of the Caribbean, Gulf of Mexico and Bermuda [Cardinal et al., 2001; 
Veron, 2000b]. Corallites are meandroid in either parallel or sinuous valleys approximately 5–8 mm 
wide [Veron, 2000b]. Ambulacral groove variability within a single colony is high, and may be 
wider than the corallite valleys [Veron, 2000b]. 
Colonies of D. labyrinthiformis collected from Bermuda display clear annual density bands 
suggesting slow growth rates of 2–4 mm year−1 [Cardinal et al., 2001; Cohen et al., 2004; 
Draschba et al., 2000; Goodkin et al., 2007], below the 5 mm year−1 minimum suggested by 
McConnaughey [1989] to avoid potential kinetic effects. Annual density banding patterns are noted 
to be asymmetrical, with summer deposits tending to be narrower than those representing winter 
growth [Cardinal et al., 2001]. This asymmetry indicates that paleorecords representing winter 
conditions are potentially higher in resolution than those of summer. A reduced representation of 
summer conditions is suggested to reflect the large local SST seasonal amplitude of ~8°C, twice 
that observed in the majority of coral reef environments, which places an additional thermal stress 
on Bermudian colonies during summer [Cardinal et al., 2001]. 
Geochemical sampling restricted to the exothecae of fore-reef D. labyrinthiformis cores around 
Bermuda produced a paleothermometer with a heightened δ18O sensitivity to SST of 0.95‰/°C 
[Draschba et al., 2000] in contrast to typical massive scleractinian corals sensitivities of 0.16–
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0.22‰/°C (e.g., Porites lutea [Gagan et al., 1994] and Diploastrea heliopora [Bagnato et al., 2004; 
Damassa et al., 2006]). While the authors were unable to confirm an explanation for the heightened 
sensitivity, they suggested that this new paleothermometer will potentially allow the identification 
of even small SST changes from skeletal δ18O signatures. 
Contrasting this heightened sensitivity, Cardinal et al. [2001] suggested that the high scatter 
observed in D. labyrinthiformis Sr/Ca ratios representing summer and winter SST extremes would 
result in a reduced precision for environmental reconstructions of only ±1°C. However, there is no 
mention of diagenetic screening prior to geochemical sampling, or selective analysis of specific 
skeletal ultrastructure components (internal variability was not well documented at the time), which 
may have significantly reduced the study’s precision. Low seasonal amplitudes of both δ18O and 
Sr/Ca in the theca of Bermudian D. labyrinthiformis were reconstructed by Kuhnert et al. [2002], 
although those authors suggested that significant bio-smoothing may have resulted in signal 
attenuation. A further source of error in their reconstructions may have resulted from the conversion 
of δ18O and Sr/Ca geochemical signals to SSTs using calibration equations based on Montastraea 
annularis from Florida [Leder et al., 1996] and Porites from the GBR [Alibert and McCulloch, 
1997], respectively. This method is unlikely to result in accurate reconstructions as transfer 
equations are species and location specific [Goodkin et al., 2007]. 
Additional testing of the potential of D. labyrinthiformis as a paleoclimate indicator was conducted 
by Cohen et al. [2004]. Colonies from Bermuda were analysed for Sr/Ca using ion microprobe for 
µm-scale selective analysis of the skeletal ultrastructure. Samples 20 µm in diameter were targeted 
from RADs in an attempt to avoid bio-smoothing from the inclusion of secondary thickening 
deposits. Geochemical signals were calibrated using both ship-based Hydrostation ‘S’ offshore time 
series measurements and in situ temperature loggers from 1997–2000. A new Sr/Ca sensitivity of 
−0.0843 mmol/mol/°C [Cohen et al., 2004] was calculated for Bermudian D. labyrinthiformis, 
similar to that calculated by de Villiers et al. [1994] for Hawaiian Porites lobata (−0.0795 
mmol/mol/°C). Variations in the skeletal ultrastructure sampled revealed that costae geochemistry 
is biased towards winter temperatures; whereas both the septa and theca are more representative of 
summer temperatures [Cohen et al., 2004]. This difference again emphasises the need for sampling 
specific elements of the skeleton ultrastructure, and the inability of bulk skeletal sampling to 
accurately constrain seasonal signals. 
Interestingly, Goodkin et al. [2005] noted that during summer the Sr/Ca signal in D. 
labyrinthiformis skeleton displays a stronger relationship with extension rate than with SST. 
Averaging coral geochemistry over the annual cycle did not effectively remove this growth rate 
influence on Sr/Ca; thus the authors suggested that the calibration equation must contain a growth 
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rate factor. Updated linear regression calculations by Goodkin et al. [2005] suggest a reduced 
Sr/Ca-SST sensitivity of −0.0529 mmol/mol/°C. This growth corrected calibration increases the fit 
of the coral geochemistry data against the instrumental SST record from r2 = 0.21, p = 0.077, to r2 = 
0.49, p = 0.0026. However, growth rates had to be averaged over a period of approximately three 
years to provide an estimation of infilling and skeletal extension of the period covered by the 
sampling methodology [Goodkin et al., 2005]. Winter skeletal deposits recording higher resolution 
climate data [Cardinal et al., 2001] do not appear to be influenced by this growth rate factor 
[Goodkin et al., 2005]. Growth corrected Sr/Ca profiles from D. labyrinthiformis were used to 
determine that Bermudian SSTs during the Little Ice Age were approximately 2 °C cooler than 
present day conditions [Goodkin et al., 2005; Goodkin et al., 2008], suggesting that this coral 
species can be effectively used as a paleoclimate proxy. 
Diploria strigosa [Dana, 1848] is the most widely distributed member of the genus Diploria, 
extending farther west into the Gulf of Mexico than D. labyrinthiformis and D. clivosa [Veron, 
2000b]. Colonies may have encrusting habits, although massive morphologies are more common in 
shallow environments. Corallites are arranged in sinuous valleys approximately 6–9 mm wide, and 
differ from D. labyrinthiformis by the lack of distinctive ambulacral grooves [Veron, 2000b]. 
Annual growth rates of D. strigosa are comparable to those of D. labyrinthiformis at 4–9 mm year−1 
[Logan and Tomascik, 1991]. 
Geochemical sampling of D. strigosa has been suggested to be restricted to the theca to prevent 
biasing reconstructions by including various other components of the skeletal ultrastructure (Table 
3-1) [Giry et al., 2010; Hetzinger et al., 2006]. No significant correlation between annual mean 
growth rate and Sr/Ca or δ18O was observed in D. strigosa by either Kuhnert et al. [2005], 
Hetzinger et al. [2006], or Giry et al. [2010]. However, the secondary infilling of skeletal material 
as thickening deposits during winter is likely to bias skeletal geochemistry towards autumn and 
winter SST conditions [Kuhnert et al., 2005] attenuating reconstructed seasonal temperature cycles 
as observed in the larger microgrinding (1.4 mm drill bit) samples of Giry et al. [2010] (Table 3-1). 
Monthly calibrations of Sr/Ca incorporated in D. strigosa skeleton against SST are between −0.036 
and −0.042 mmol/mol/°C [Giry et al., 2010; Giry et al., 2012; Hetzinger et al., 2006] depending on 
the temperature dataset and calibration method used. This sensitivity is similar to that calculated for 
growth rate-corrected D. labyrinthiformis [Goodkin et al., 2005]. Stable oxygen isotope signals 
incorporated in D. strigosa contain greater variability than those for Sr/Ca, ranging between −0.18 
and −0.21‰/°C in Guadeloupian corals [Hetzinger et al., 2006], yet remain well within the 
published range for alternate coral paleoclimate indicator species, including Porites from the Indo-
Pacific [Gagan et al., 1994]. Interestingly, D. strigosa from Bonaire appears to display a reduced 
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sensitivity of −0.127‰/°C [Giry et al., 2010], which is significantly lower than that calculated for 
Bermudian D. labyrinthiformis and massive Porites species [Draschba et al., 2000; Gagan et al., 
1994]. This reduced sensitivity may reflect the inclusion of diagenetically altered skeleton in 
geochemical analyses; no specific diagenetic screening was mentioned by the authors. 
Both δ18O and Sr/Ca signals from Guadeloupian D. strigosa correlate well with tropical North 
Atlantic SST anomaly indices on mean annual scales [Hetzinger et al., 2006], highlighting the 
future potential of D. strigosa as a source of paleoclimate proxy data. Sea surface temperature 
reconstructions from Bonaire colonies of D. strigosa provide additional support for a cooler western 
tropical Atlantic in the mid-Holocene and indicate an increasing ENSO influence across the mid- to 
late-Holocene [Giry et al., 2012]. Kuhnert et al. [2005] also report a ‘highly significant correlation’ 
(r = −0.5, p < 0.01) between fall (October–December) Sr/Ca recorded in Bermudian D. strigosa 
skeletons and the December, January, February (DJF) North Atlantic Oscillation index (NAO), with 
a lag of around nine months between a change in the NAO and the corresponding record in coral 
Sr/Ca. Changes in the NAO DJF index are reported to account for approximately 25% of the 
variance in fall D. strigosa Sr/Ca values [Kuhnert et al., 2005]. 
3.6.1.3 Genus Dipsastraea (Favia) 
Dipsastraea (Favia) speciosa (Dana [1846], reclassified from genus Favia to genus Dipsastraea by 
Budd et al. [2012]) forms massive colonies in the Indo-Pacific, with spaces between the ~10 mm 
diameter plocoid corallites increasing with greater water depth [Mishima et al., 2009; Seo et al., 
2013; Veron, 2000b]. Colonies grow between 4.6 and 7.1 mm year−1 [Seo et al., 2013], with 
numerous septa and no well-developed paliform lobes [Veron, 2000b]. 
Fossil faviidae recovered in core from Miyako Island, Japan reveal the presence of annual density 
bands, with seasonal cycles present for both Sr/Ca and δ18O signatures recovered from the major 
growth axis of the corallite wall [Mishima et al., 2009]. However, reconstructions for SST based on 
the Sr/Ca paleothermometer were derived from a sensitivity of 0.060 mmol/mol/°C that was 
selected, not derived from modern coral records with a corresponding instrumental temperature 
record [Mishima et al., 2009]. A similar technique was also applied to the δ18O data set, with the 
sensitivity of D. speciosa δ18O to SST selected as 0.22‰/°C [Mishima et al., 2009].  
Further developments towards the use of D. speciosa as a paleoclimate indicator were achieved 
following coring and Sr/Ca paleothermometer calibration of a live colony from Iki Island, Japan 
[Seo et al., 2013]. Dipsastraea speciosa appears to grow throughout the year (although growth is 
reduced during the cold season), with SST at Iki Island dropping to 13 °C during winter. The 
derived calibration was suggested to be applicable to D. speciosa growing in subtropical climates, 
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although bulk sampling with a monthly resolution may not allow for the detection of low resolution 
interannual variations in winter SST [Seo et al., 2013]. 
3.6.1.4 Genus Montastraea 
Colonies of the Atlantic coral, Montastraea annularis, were originally believed to display 
significant morphological variability induced by local environmental conditions [Ellis and 
Solander, 1786]. However, the species has since been subdivided into M. annularis, M. faveolata 
and M. franksi [Knowlton et al., 1992; Weil and Knowlton, 1994] to explain the presence of 
significantly different morphologies at the same location. Following the reclassification by 
Knowlton et al. [1992] and Weil and Knowlton [1994], morphotype 1 (M. annularis) forms 
columnar colonies with small polyps (2.1–2.6 mm [Weil and Knowlton, 1994]) that grow only on 
the upper column surface resulting in senescent margins; morphotype 2 (M. faveolata) develops 
massive or sheet growth morphologies, with small polyps (2.2–2.7 mm [Weil and Knowlton, 1994]) 
but actively growing edges; and morphotype 3 (M. franski) generates irregular massive and sheet 
forms with larger, variable and irregularly distributed polyps (2.4–3.4 mm diameter [Weil and 
Knowlton, 1994]) generating a bumpy surface. Polyps on the colony edges are pale, but remain 
actively growing [Knowlton et al., 1992]. Of the three species, M. faveolata has significantly lower 
skeletal density than M. annularis and M. franski [Weil and Knowlton, 1994] and is most commonly 
used for paleoclimate reconstructions [Smith et al., 2006]. However, species separation may be 
impossible in core samples, which may raise concerns over the accuracy of the δ18O 
paleothermometer [Knowlton et al., 1992]. 
Relatively large, well-spaced corallites of M. faveolata allow sampling for geochemical analysis to 
be restricted to specific components of the skeletal ultrastructure [Watanabe et al., 2002]. Relatively 
rapid growth rates of 6–11 mm year−1 [Gischler and Storz, 2009] suggest limited kinetic effects on 
skeletal geochemistry [McConnaughey, 1989]. Annual periodicity in δ18O values was observed in 
M. annularis by Fairbanks and Dodge [1979] with samples from the thecal wall displaying the 
highest correlation with ambient SST [Watanabe et al., 2002]. High density thecal skeleton also 
requires a smaller area for sample collection than less dense, endothecal structures that contain a 
reduced δ18O seasonal amplitude [Leder et al., 1996]. Fairbanks and Dodge [1979] concluded (on 
the basis of previously published data from Land et al. [1975] and Weber et al. [1976]) that mean 
δ18O in M. annularis is constant over isothermal depth intervals, suggesting that vital effects are 
constant with depth. However, Emiliani et al. [1978] observed heavy oxygen values associated with 
M. annularis stress bands. 
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Stable oxygen isotope ratios of modern and Holocene M. faveolata skeletons recovered from 
Belize, suggest that the early-mid Holocene was warmer and/or wetter than current conditions 
[Gischler and Storz, 2009]. Enhanced amplitudes of both δ18O and δ13C between 7,000 and 4,000 
BP suggest that the mid-Holocene was characterised by a period of enhanced climate variability 
[Gischler and Storz, 2009]. Coral δ18O values in that study were not corrected for Holocene changes 
in δ18Osw that are likely to have been observed in the region due to precipitation variations 
associated with migration of the Inter-Tropical Convergence Zone over the Holocene [Haug et al., 
2001]. This uncorrected influence on coral skeletal δ18O values prevents the direct quantitative 
conversion from geochemical signal to environmental variable. However, the results of Gischler 
and Storz [2009] support the hypothesis that the early to mid-Holocene was warmer and/or wetter 
than the mid-late Holocene, and suggest that coral extension rates do not correlate significantly with 
stable isotope signatures. Calibrations of the δ18O signal within modern M. faveolata from St Croix, 
U.S Virgin Islands do not indicate any relationship with coral extension rate [Saenger et al., 2008]. 
Sampling direction within coralla appears to influence the δ18O signal, with a reduction in seasonal 
amplitude observed along horizontal sampling profiles within Floridian corals recovered from 
Biscayne National Park [Leder et al., 1996]. 
Initial investigations of Sr/Ca signatures in Floridian corals revealed inter-colony differences that 
were greater than the calculated analytical precision [Smith et al., 2006]. High noise levels mask the 
SST signal of Sr/Ca signatures in M. faveolata collected from Puerto Rico [Kilbourne et al., 2008], 
and live collected colonies from St Croix revealed significantly different SST calibrations that were 
attributed to differences in annual extension rates [Saenger et al., 2008]. It should be noted, 
however, that these analyses do not specifically mention any diagenetic screening (only the fossil 
coral sample was screened for diagenesis by Saenger et al. [2008]). Thus, either calcite or 
secondary aragonite deposits may be incorporated in the samples, altering the Sr/Ca geochemistry. 
The data are further complicated by the identification of variations in Sr concentration associated 
with M. faveolata microbands [Gill et al., 2006]. 
Recent calibrations of M. faveolata Sr/Ca signatures as paleotemperature records were conducted 
by DeLong et al. [2011] using material collected from the Dry Tortugas National Park, Gulf of 
Mexico. Monthly Sr/Ca values were analysed from the theca of a single corallite, with intra-colony 
variability generally remaining within analytical precision [DeLong et al., 2011]. The resulting 
calibration equation was lower in accuracy that that calculated from the massive coral Siderastrea 
siderea also collected from Dry Tortugas. Meandering corallites [DeLong et al., 2011; Flannery 
and Poore, 2013] and complex two stage growth patterns (deposition of an initial framework filled 
in with secondary growth) that result in significant bio-smoothing [DeLong et al., 2011; Gill et al., 
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2006; Swart et al., 2002] are likely to have caused a reduced SST sensitivity in M. faveolata 
compared to S. siderea [DeLong et al., 2011]. These same corals were later used by [Flannery and 
Poore, 2013] to recalibrate the Sr/Ca paleothermometer with a higher sampling resolution of 15 
samples per year. Both modern and Holocene samples displayed clean annual trends, with modern 
signatures correlating well with instrumental records of SST. However, extension rates appear to 
have an effect on the Sr/Ca paleothermometer, with a reduction in the seasonal SST cycle observed 
with the cooler summer SST and reduced extension rates of the mid-1960s [Flannery and Poore, 
2013]. 
3.6.1.5  Genus Pavona 
Pavona clavus [Dana, 1846], common in the reef habitats of the Indo-Pacific, Madagascar, East 
African coast, Red Sea and western coastline of Central America, forms cylindrical columnar 
colonies that divide but do not fuse together—although massive and encrusting forms are also 
known to occur [Veron, 2000a; Veron and Pichon, 1980]. Tall columns as much as 10 cm thick are 
characteristic of regions with significant currents, but strong wave action may also result in the 
formation of sub-massive morphologies [Veron, 2000a; Veron and Pichon, 1980]. Sub-circular 
corallites range between 2.5 and 3.5 mm in diameter and are separated by synapticular rings [Veron 
and Pichon, 1980]. Coralla are relatively fast growing (11–18 mm year−1 [de Villiers et al., 1994; 
Dunbar et al., 1994; Meibom et al., 2008; Shen et al., 1992]) with septo-costae are arranged in two 
distinct orders [Veron, 2000a; Veron and Pichon, 1980]. 
Despite a low sampling frequency of only quarterly samples, Pavona clavus core collected from the 
Galápagos Islands displays strong seasonality in δ18O values with a high correlation ( r = −0.65 to 
−0.79, p = 0.0001) against local instrumental temperature records [Shen et al., 1992]. Variations in 
SST were suggested to account for 92% of the coral δ18O signal, with a minimal effect of 
precipitation owing to the high flushing rate of the surface mixed layer induced by upwelled waters 
[Shen et al., 1992]. Growth rates of Galápagos P. clavus were interpreted by Shen et al. [1992] to 
have remained relatively constant throughout most of the year due to the presence of uniformly 
wide low density bands. The reliability of this assumption was weakened by the presence of thinner 
high density bands, which could result in a slight temporal error in the age assignment of samples 
[Shen et al., 1992]. Despite this potential error, cross-spectral analysis suggested that at the period 
of 3.8 years (classed as an ENSO frequency band) SST can explain approximately 82% of the P. 
clavus δ18O signature [Shen et al., 1992], thereby supporting the use of P. clavus as a potential 
tracer of Holocene ENSO variability despite a lack of targeted sampling of the skeletal 
ultrastructure. 
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Cores recovered from massive corals are typically drilled vertically in line with the major growth 
axis to minimise potential kinetic effects [McConnaughey, 1989]. This recovery strategy was not 
possible on the Galápagos P. clavus analysed by Dunbar et al. [1994] due to a predominately 
horizontal growth orientation. In this case a sub-horizontal core was collected parallel to and 1 m 
above the substrate [Dunbar et al., 1994]. Annual δ18O signals from this horizontal core display a 
‘weak negative correlation’ (r = 0.18, F = 0.001) with an increase in growth rate associated with 
warmer water temperatures [Dunbar et al., 1994]. However, this relationship is not interpreted as a 
significant source of concern due to the fact that growth rates were always greater than the 5 mm 
year−1 limit of McConnaughey [1989] and a lack of anomalously high δ18O values during periods of 
minimal growth rate that would be expected from significant kinetic effects [Dunbar et al., 1994]. 
Annual temperature reconstructions from the core indicate that coral mortality from the 1982–1983 
El Niño event was the strongest over the last 400 years [Dunbar et al., 1994]. The ability to conduct 
climate reconstructions from a horizontally drilled core favours the use of P. clavus as a proxy 
record. However, the small corallite size may hinder geochemical sampling of specific elements of 
the skeletal ultrastructure if higher resolution reconstructions are attempted. 
3.6.1.6 Genus Siderastrea 
Colonies of Siderastrea siderea [Ellis and Solander, 1786] are common in shallow settings around 
the Caribbean region and display a wide tolerance of temperature and salinity regimes [Guzmán and 
Tudhope, 1998; Veron, 2000a]. Growth morphology ranges from encrusting to massive colonies 
that typically span more than 1 m across [Veron, 1986; 2000a] with growth rates of 1.65–8 mm 
year−1 [Guzmán and Tudhope, 1998; Vásquez-Bedoya et al., 2012]. Cerioid corallites are typically 
3–4.5 mm in diameter, making them the largest in the genus [Veron, 2000a]. Thickening of the 
septocostae results in the formation of dense, but poorly defined corallite walls [Maupin et al., 
2008]. 
The potential for S. siderea as a paleoclimate archive is highlighted by its low growth rates, long 
life expectancy of over 100 years [Stearn et al., 1977] and tolerance for a wide range of temperature 
and salinity conditions [Guzmán and Tudhope, 1998; Maupin et al., 2008]. Another key feature of 
S. siderea is its resistance to suspended sediment, oil and chemical pollution [Guzmán and 
Tudhope, 1998] as emphasised during the 1986 Bahía Las Minas oil spill on the Caribbean 
shoreline of Panama. Mortality of S. siderea colonies was noted to be significantly less than that of 
faster growing branching corals, such as Acropora palmata [Guzmán et al., 1991]. Annual density 
bands were observed in S. siderea skeletons collected from Dry Tortugas National Park, Florida in 
2008 [DeLong et al., 2011] but were not reported in coral core recovered from the same region 
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during 1993 [Maupin et al., 2008]. Further complicating the issue, [Carricart-Ganivet et al., 2013] 
reported a 6 month difference in the timing of high and low density bands between male and female 
S. siderea collected from Puerto Morelos Reef, Mexico. This divergence in timing was attributed to 
variations in tissue thickness between males (thicker tissue, more rapid extension rate) and females 
(thinner tissue, denser skeleton) and should be considered prior to geochemical analysis [Carricart-
Ganivet et al., 2013]. 
Core material from the rapidly growing flat tops of five Panamanian S. siderea colonies did not 
reveal a relationship between skeletal extension rate and environmental variable (precipitation, 
insolation, temperature, wind, salinity or suspended sediment), other than a weak negative 
correlation with emersion and a weak positive correlation with water depth [Guzmán and Tudhope, 
1998]. Skeletal extension rates did not appear to influence δ18Ocoral values [Guzmán and Tudhope, 
1998]. Inter-annual variations in δ18Ocoral were noted to be similar for all five colonies, however, 
mean δ18Ocoral values revealed significant differences that may reflect subtly different 
microenvironments or variations in kinetic fractionation within individual colonies [Guzmán and 
Tudhope, 1998]. Intra-colony reproducibility of both Sr/Ca and δ18O signals in S. siderea from Dry 
Tortugas National Park were high; with mean Sr/Ca values of 9.008±0.003 and 8.992±0.003 
mmol/mol and mean δ18Ocoral values of −3.24±0.01 and −3.25±0.01‰ [Maupin et al., 2008]. A 
similar agreement between intra-colony cores was observed by DeLong et al. [2011] 15 years later. 
This close match provides further support for a lack of strong growth rate effects on geochemical 
signatures in S. siderea, thus increasing its potential as a paleoclimate archive. 
Bimonthly regression equations for SST proxies in S. siderea suggest sensitivities of −0.039 
mmol/mol/°C and −0.138 ‰/°C for Sr/Ca and δ18O respectively [Maupin et al., 2008]. Sr/Ca 
sensitivity values are consistent with those calculated for the massive corals Diploastrea heliopora 
[Bagnato et al., 2004], Diploria labyrinthiformis [Goodkin et al., 2007], Diploria strigosa 
[Hetzinger et al., 2006] and Porites lutea [Yu et al., 2005b]. The slope of the δ18O equation is low 
compared to published calibrations for the massive corals Diploastrea heliopora [Damassa et al., 
2006], Diploria labyrinthiformis [Draschba et al., 2000], Diploria strigosa [Hetzinger et al., 2006] 
and Porites lutea [Gagan et al., 1994; Yu et al., 2005a], but may be explained by the lack of 
correction for the influence of δ18Osw [Maupin et al., 2008]. Sea surface temperature and SSS are 
positively correlated in Dry Tortugas. Hence, the net salinity effect is to reduce the sensitivity of the 
δ18Ocoral paleothermometer [Maupin et al., 2008]. 
Siderastrea radians [Pallas, 1766] forms massive colonies that tend to be smaller than S. siderea at 
less than 300 mm across. Cerioid corallites are rounded, irregularly distributed and smaller than 
those of S. siderea with diameters between 2.5 and 3 mm [Duerden, 1904; Veron, 2000a] and septa 
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that are observed in three distinct cycles [Veron, 2000a]. As with S. siderea, S. radians has a wide 
tolerance of environmental conditions, with colonies commonly observed in areas exposed to direct 
sunlight during low tide and/or regions with high levels of sedimentation [Duerden, 1904]. The 
geographic distribution of S. radians is larger than that of S. siderea and displays a significant 
variation of morphology between colonies in the eastern and western Atlantic Ocean. Caribbean and 
western Atlantic colonies of S. radians are massive with growth rates of 5–12 mm year−1 [Cortés 
and Risk, 1985], whereas those in shallow waters (< 10 m depth) of the eastern Atlantic can form 
pavements with colonies 1–3 m in diameter and 10–15 cm thick with reduced growth rates of 1–2 
mm year−1 [Moses et al., 2006a; Moses et al., 2003]. These low growth rates result in additional 
complications for paleoclimate reconstruction as annual density bands may become difficult to 
identify [Swart et al., 1999] and the degree of bio-smoothing may be very high (Table 3-2; Figure 
3-4). Under these circumstances, the annual cycles observed in fluorescence have been utilised to 
construct age models for δ18O and δ13C geochemical sampling [Moses et al., 2006a; Swart et al., 
1999]. 
Calibration of the coral δ18O–SST relationship for Cape Verde S. radians reveals a sensitivity of 
−9°C/‰ [Moses et al., 2006a], which approximates to around −0.11‰/ °C. However, variability 
between sampling transects within the same colony of Cape Verde S. radians was fairly high, 
although this may be an artefact of the sampling strategy utilised by Moses et al. [2006a], wherein 
they were unable to restrict sampling to the 50 µm wide thecal wall. Despite these issues, Moses et 
al. [2006b] were able to reconstruct a 0.1 increase in eastern tropical North Atlantic salinity from 
δ18O in S. radians from the Cape Verde Islands, similar to that observed in the instrumental record 
[Curry et al., 2003]. 
3.6.2 New target coral species with branching morphology  
Despite the common use of massive corals for paleoclimate reconstruction, branching corals such as 
Acropora spp. commonly make up a significant volume of modern coral reefs [e.g., Marshall and 
Davies, 1982; Montaggioni, 2005; Ribaud-Laurenti et al., 2001; Shirai et al., 2008] and potentially 
contain higher resolution data owing to higher growth rates [Armid et al., 2011; Ribaud-Laurenti et 
al., 2001]. In regions where recovered drill cores contain a low abundance of massive corals, the 
potential for paleoclimate reconstruction may rely on the use of highly abundant branching species. 
Unfortunately the relationship between the natural environment and geochemical signals 
incorporated into branching skeletons requires significantly more work in order to be understood 
and quantified to the same degree as that currently achieved for corals displaying massive growth 
morphologies.  
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Table 3-3: Branching morphology corals that have seen recent testing as potential paleoclimate 
indicator species. 
Species: Acropora palmata 
Distribution: Caribbean and the southern half 
of the Gulf of Mexico [Veron, 2000c]. 
Habitat: Outer slopes of the reef where there is 
significant wave exposure [Veron, 2000c]. 
Calice Depth/Tissue Thickness: Unreported. 
Annual Growth Rate: 122–126 mm year−1 
central axis; 27–33 mm year−1 radial axis 
[Shapiro, 1980]. 
Potential Time Averaging: Unknown. Number of Species in Genus: One hundred 
and eighty two [Veron, 2000c]. 
Species: Acropora nobilis 
Distribution: Indo-Pacific extending west to 
Madagascar, eastern coast of Africa and north 
to the Red Sea [Veron, 2000c]. 
Habitat: Common on upper reef slopes and in 
deep lagoons with a sandy substrate [Veron, 
2000c]. 
Calice Depth/Tissue Thickness: Unreported. Annual Growth Rate: 64–100 mm year
−1 
[Shirai et al., 2008]. 
Potential Time Averaging: Unknown. Number of Species in Genus: One hundred 
and eighty two [Veron, 2000c]. 
Species: Isopora spp. 
Distribution: Indo-Pacifc extending west to 
Madagascar and the eastern coast of Africa 
[Veron, 2000a, listed as Acropora species]. 
Habitat: All reef environments, but is 
particularly common on exposed upper reef 
slopes and flats [Veron, 2000a, listed as 
Acropora species]. 
Calice Depth/Tissue Thickness: Unreported. Annual Growth Rate: 4–21 mm year
−1 
[Lemley, 2012]. 
Potential Time Averaging: Unknown. Number of Species in Genus: Five [Wallace et al., 2007]. 
Species: Montipora capitata 
Distribution: Hawaii and the Indo-Pacific 
[Veron, 2000c]. 
Habitat: Shallow water depths with soft 
substrate [Veron, 2000c]. 
Calice Depth/Tissue Thickness: Unreported. Annual Growth Rate: 12.6–52 mg d
−1 
calcification rate [Kuffner et al., 2012]. 
Potential Time Averaging: Unknown. Number of Species in Genus: Seventy four 
[Veron, 2000c]. 
Species: Pocillopora damicornis 
Distribution: Throughout the Indo-Pacific 
extending north to Japan and west around the, 
Maldives, Madagascar, Red Sea, Persian Gulf. 
Colonies are also observed around Hawaii, the 
Pacific coast of Central America [Veron, 
2000a]. 
Habitat: Common in all environments of 
shallow scleractinian reefs. 
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Calice Depth/Tissue Thickness: 0.8–1.8 mm 
[Nothdurft and Webb, 2007]. 
Annual Growth Rate: 9–16.1 mm year−1 
[Harriott, 1999; Ward, 1995]. 
Potential Time Averaging: 0.09–0.2 years. Number of Species in Genus: Seventeen 
[Veron, 2000a]. 
Species: Porites cylindrica 
Distribution: Indo-Pacific extending north to 
Japan and west around Madagascar and the east 
coast of Africa [Veron, 2000b]. 
Habitat: High abundance in lagoon and back 
reef regions [Veron, 2000b]. 
Calice Depth/Tissue Thickness: Unreported. Annual Growth Rate: 10–30 mm year
−1 
[Custodio and Yap, 1997]. 
Potential Time Averaging: Unknown. Number of Species in Genus: Fourteen 
branching species [Veron, 2000b]. 
 
3.6.2.1 Genus Acropora 
Acropora palmata [Lamarck, 1816], the ‘elkhorn coral’ [e.g., Gallup et al., 2006], forms the largest 
colonies of the Acropora genus, reaching 4 m across and 2 m high [Veron, 2000c]. Branches are 
thick, tapered and horizontally flattened at the tip [Veron, 2000c], with growth oriented 45° from 
the seafloor allowing colonies to flourish in the high energy regions of the reef crest [Gallup et al., 
2006] around the Caribbean and Gulf of Mexico [Veron, 2000c]. Flattened branches are the result 
of anastomosed smaller branches that may be observed as branchlets on the branch edge or upper 
surface [Wallace, 1999]. Colonies contain tubular corallites of irregular length. Axial corallites may 
be indistinct [Veron, 2000c] but extend between 122–126 mm year−1, whereas radial corallites 
extend approximately 1–3 mm from the branch surface with a growth rate of only 27–33 mm year−1 
[Gallup et al., 2006; Shapiro, 1980]. 
X-radiographs of A. palmata branches from the Dominican Republic display density banding 
patterns along the radial growth axis as commonly seen in massive corals such as Porites [Gallup et 
al., 2006]. The downwards component of radial growth was noted to have compressed banding, 
suggesting reduced rates of downward skeletal extension. Despite the higher growth rates of the 
central axis (~124 mm year−1 c.f. ~3 mm year−1 of radial growth [Shapiro, 1980]) no annual density 
bands were observed along the axial growth direction of A. palmata collected from Puerto Rico 
[Gallup et al., 2006]. 
Geochemical sampling of A. palmata reveals significant differences in the Sr/Ca signals of upwards 
and downwards components of radial branch growth. Upward directed branch growth contained a 
greater range in Sr/Ca values, with mean values 1% higher than those of the slower downwards 
growing section [Gallup et al., 2006]. These observations are consistent with a growth rate 
influence on the skeletal Sr/Ca ratio [de Villiers et al., 1994]. However, only the downward directed 
Chapter 3: Corals as climate indicators 
83 
component of radial growth displayed any seasonal geochemical oscillations that appeared to follow 
SST trends [Gallup et al., 2006]. Utilisation of these radial growth geochemical signatures is 
limited by the presence of thickening deposits [Gladfelter, 1982; Nothdurft and Webb, 2007] and 
the potential inclusion of corallite and intercorallite skeleton [Gallup et al., 2006], both of which 
result in the analysis of temporally disjunct material. However, the central axial corallite does not 
contain intercorallite material, and also displays seasonal cycles in Sr/Ca profiles. Therefore, Gallup 
et al. [2006] concluded that despite a lack of annual density bands, sampling the axial corallite of 
branching A. palmata could provide a high resolution, clean geochemical environmental record 
relative to analyses from regions of radial growth. Thickening of the skeleton within branches 
following initial growth may still be an issue, but may be minimised by sampling the axial corallite 
wall [c.f. Gladfelter, 1982]. 
Branches of Acropora nobilis [Dana, 1846] are large, tapering and occur in an upright growth 
position in stands that can span 5 m across in the Indo-Pacific, eastern coastline of Africa, 
Madagascar and the Red Sea [Veron, 2000c; Wallace, 1999]. Shallow water environments may 
result in the horizontal fusion of basal branches [Veron, 2000c]. Colony thickness and branch fusion 
also appear to increase with age [Veron and Wallace, 1984]. Radial corallites display significant 
variability in both size and shape [Veron, 2000c; Veron and Wallace, 1984], with branches 
extending approximately 64–100 mm year−1 [Shirai et al., 2008]. 
Unlike A. palmata, skeletal geochemistry in a single branch of A. nobilis did not reveal seasonal 
oscillations in δ18O along the radial component of branch growth. Seasonal-like patterns were, 
however, observed in samples collected along the axial corallite, although sensitivity to ambient 
SST was reduced at ~ –0.13‰/°C [Shirai et al., 2008]. Neither Mg/Ca, Sr/Ca nor U/Ca 
paleothermometers displayed any apparent seasonal pattern [Shirai et al., 2008]. Instead, Sr/Ca and 
Mg/Ca profiles exhibited patterns expected from the increased concentration of Sr-rich secondary 
infilling skeleton associated with branch thickening around the initial, higher Mg, trabecular 
framework [Shirai et al., 2008]. Bulk sampling of the axial corallite (2.5–4 mm in diameter [Veron 
and Wallace, 1984]) with a 2 mm drill bit is likely to have included significant amounts of TDs that 
reduced the calculated sensitivity of the δ18O paleothermometer [Shirai et al., 2008]. This highlights 
the problem of longer-term skeletal infilling in Acropora branches (Figure 3-6), and emphasises the 
requirement to understand the skeletal ultrastructure before interpreting coral geochemical signals. 
Diagenetic influences on original aragonite material also may have affected the resolution of the 
investigated paleothermometers, as Shirai et al. [2008] did not mention specific screening for 
diagenesis. Replicated studies considering these issues are therefore required to fully determine the 
potential of branching A. nobilis to act as an accurate paleoclimate recorder. 
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An interesting development in novel paleoclimate indicators is the potential for the coenosteum 
deposits of corymbose branching Acropora (e.g., A. humilis group) to act as a sampling source for 
geochemical archives. Whereas secondary infilling deposits corrupt paleoclimate archives in 
corallites in Acropora branches, the coenosteum that develops between branches in corymbose 
forms has a simple microstructure, with lower density (Figure 3-11) and fewer time averaging TDs 
[Sadler et al., 2015]. Computed tomography (CT) scans of coenosteum material in Holocene 
Acropora millepora recovered from Heron Reef (Figure 3-11) reveal the presence of density 
banding between branches, which may reflect annual periodicity over a spatial scale similar to that 
in Porites. Strontium calcium ratios from a modern reef flat colony of corymbose Acropora display 
seasonal cyclicity that appears to correlate well with in-situ SST variations. However, further high 
resolution geochemical sampling and calibration against SST records is required before corymbose 
Acropora inter-skeleton deposits can reliably applied to paleoclimate reconstructions.  
 
 
Figure 3-11: Computed tomography images of density banding in A) Holocene Acropora millepora 
and B) modern Porites cores recovered from Heron Reef. Note the presence of density bands in the 
Acropora inter-branch deposits—between the higher density (lighter in colour) branches—that 
mirrors those commonly used to guide geochemical sampling of massive Porites cores. 
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3.6.2.2 Genus Isopora 
Isopora [Studer, 1878] was reclassified recently from a sub-genus of Acropora to full generic 
status, by Wallace et al. [2007] due to significant differences in both morphology and 
characteristics of reproduction. Isopora occurs in all coral reef environments, but appears to favour 
shallow, exposed regions of the upper reef slope and reef flat (Veron, 2000a, listed as Acropora 
species) where colonies can grow between 4–21 mm year-1.  
Branches of Isopora palifera and Isopora cuneata collected from the GBR (Heron and Myrmidon 
reefs) and Papua New Guinea (Madang) have also revealed potential as paleoclimate indicators 
[Lemley, 2012]. Annual density banding was observed within branch structures, with seasonal 
amplitude and annual mean based calibrations between branch δ18O and SST from the Extended 
Reconstructed Sea Surface Temperature (ERSST. V3b) database revealing sensitivity estimates of 
−0.15‰/°C and −0.16‰/°C, respectively [Lemley, 2012]. These values are low compared to other 
genera discussed in this paper, but may be explained by the calibration process. The ERSST dataset 
is generated from smoothed SST data with local and short-term variations removed [Smith et al., 
2008]. Nishida et al. [2014] calculated a similar temperature sensitivity of −0.15‰/°C for incubated 
I. palifera from Japan, however, both geochemical sampling procedures also failed to consider 
ultrastructure variations in geochemistry or provide a detailed screening for diagenesis, which may 
also reduce the sensitivity of a calibration equation. Halving the sampling resolution from every 1 
mm to 2 mm was noted to result in significant decreases (> 0.05‰) in the δ18O seasonal amplitude, 
thus Lemley [2012] recommend that future Isopora research maintains at least a 1 mm sampling 
resolution. 
3.6.2.3 Genus Montipora  
Colonies of Montipora capitata [Dana, 1846] are abundant around Hawaii, where encrusting bases 
are particularly common, although in the Indo-Pacific colonies typically develop an arborescent 
morphology upon maturity [Veron, 2000c]. As much as 12.6–52 mg of new carbonate material per 
day can be deposited in branches [Kuffner et al., 2012]. White verrucae (mounds in the coenosteum) 
are irregularly spaced over the colony surface. These verrucae may become fused together at the 
tips of branches or the edge of plates [Veron, 2000c]. 
The potential to use branching Montipora as a Sr/Ca paleoclimate archive was first suggested by 
Houck et al. [1977] and Smith et al. [1979] on the basis of limited data (listed as Montipora 
verrucosa), but was more recently evaluated by Kuffner et al. [2012] in mesocosm experiments with 
M. capitata. Small nubbins of Hawaiian M. capitata coral branches incubated in mesocosms did not 
exhibit any influence of ocean acidification on Sr/Ca values nor calcification rate as measured by 
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the buoyant weight technique of Jokiel et al. [1978]. Coral branches incubated at the same 
temperature did however exhibit an influence of calcification rate on Sr/Ca (quantified as Sr/Ca = 
9.385−0.0040*calcification rate [Kuffner et al., 2012]) as faster growth rates generate a stronger 
kinetic disequilibrium resulting in an increasing depletion of Sr within skeletal aragonite. This 
depletion could result in an over estimated temperature reconstruction [de Villiers et al., 1994; 
Kuffner et al., 2012]. However, an inclusion of calcification rate in calibration equations for M. 
capitata Sr/Ca ratios may allow paleotemperature reconstructions from this branching species 
[Kuffner et al., 2012]. 
3.6.2.4 Genus Pocillopora 
Pocillopora damicornis [Linnæus, 1758] colonies are particularly common in shallow reef 
environments of the Indo-Pacific, Madagascar, east coast of Africa, Red Sea, Persian Gulf, Hawaii 
and west coast of Central America where they form clumps that may be meters in diameter [Veron, 
2000a]. With growth rates of 9–16.1 mm year−1, P. damicornis grows relatively slowly compared to 
the other branching species discussed in this paper. Branches and verrucae are difficult to 
distinguish from each other [Nothdurft and Webb, 2007; Veron, 2000a]. However, branch 
morphology in fossil corals may provide an indication of the local environmental regime. Exposed 
regions subjected to strong wave action trend to result in compact and sturdy P. damicornis 
branches, whereas sheltered regions are characterised by more open, thinner branch networks 
[Veron, 2000a]. 
Houck et al. [1977] incubated colonies of P. damicornis in four tanks under controlled temperature 
and insolation conditions—with five colonies under each experimental setup. Coral growth rates 
were observed to be a function of both temperature and light intensity. However, the Sr content of 
the skeleton was observed to decrease with increasing temperature with no significant influence 
from insolation [Houck et al., 1977]. A relationship between SST and skeletal Sr/Ca was derived by 
Houck et al. [1977] (Sr/Caatom (x103) = −6.7x105 * SST(°C) + 9.8x103) but as yet, does not appear 
to have been applied to fossil coral material. A remaining concern in the use of Pocillopora as a 
climate archive is that corallites are commonly significantly affected by secondary infilling 
deposits, similar to that observed in Acropora, (Nothdurft and Webb, 2007) and this may cause 
significant bio-smoothing if not avoided during sampling. 
3.6.2.5 Genus Porites 
Porites cylindrica [Dana, 1846] is common to reef environments of the Indo-Pacific, Madagascar, 
east coast of Africa and Red Sea. Colonies are branching and contain small corallites, ~1.2–1.5 mm 
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in diameter, with a shallow calice, well developed columella and very thick wall. Irregular shaped 
branches are characteristic of exposure to turbulent conditions [Veron, 2000b]. 
Although massive Porites are a staple of paleoclimate studies, the branching species P. cylindrica is 
rarely used for paleoclimate reconstructions despite dominating lagoons and back-reef margins in 
tropical and subtropical Indo-Pacific reefs [Veron, 2000b]. Linear extension rates appear to vary 
between branches, with variations of as much as 1.85 mm/30 days between branch fragments 
incubated under constant environmental conditions at 26 °C [Armid et al., 2011]. Differences were 
also observed in element/Ca ratios from fragments incubated at the same temperature, which have 
been suggested to reflect sampling of mixed components of the skeletal ultrastructure with varying 
concentrations of Sr, Mg and U [Armid et al., 2011; Meibom et al., 2004; Shirai et al., 2008]. 
However, no evidence of a linear correlation between Sr/Ca or Mg/Ca ratios with linear extension 
rates was identified in samples from the same branch fragment [Armid et al., 2011]. This fact 
combined with the high growth rates of P. cylindrica and similar sensitivity of Sr (−0.0642 
mmol/mol/°C) and Mg (0.1002 mmol/mol/°C) to those calculated for massive Porites (−0.0607 
mmol/mol/°C [Corrѐge, 2006] and 0.105 mmol/mol/°C [Quinn and Sampson, 2002] for Sr and Mg 
respectively) suggest that, with selective sampling of skeletal ultrastructure, Porites cylindrica has 
great potential to act as an alternative paleothermometer with a higher temporal resolution than 
massive Porites species [Armid et al., 2011], albeit over shorter time spans. 
 Discussion 
Despite a significant amount of research into developing alternate coral paleothermometers (relative 
to massive Porites), few investigations incorporate the full range of considerations detailed in 
section three. Comprehensive screening for early diagenetic features that can alter the initial 
environmental signals contained within primary aragonite deposits is not a uniformly common 
practice, perhaps based on the out-dated assumption that most destructive diagenesis begins in a 
meteoric setting and that corals from marine settings are naturally well preserved. Time-averaging 
of environmental signals induced by skeletal deposition throughout the thickness of the coral tissue 
layer also remains a relatively under investigated and unquantified variable for many of the species 
discussed in section 4 (Table 3-2 and Table 3-3), with attention to growth trajectories and targeting 
of specific ultra-structural elements to normalise elemental ratios also escaping attention in many 
studies. Regardless, many massive and even some branching taxa (especially corymbose forms) 
may prove useful for paleoclimate reconstruction. Use of additional coral taxa for paleoclimatology 
will allow much greater potential for both geographic and temporal coverage, with the important 
added capability of cross generic correlations to test existing Porites-based reconstructions so as to 
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account for local affects and provide better quantification of SST and SSS. For this potential to be 
realised, research into the application of additional coral genera needs to be continued, with specific 
focus on the genus Acropora that comprises the most abundant reef building corals of the Indo-
Pacific [Isomura et al., 2013].  
Pushing the temporal span of coral-based paleoclimate reconstructions farther back into the 
Holocene with the collection of older corals from deeper within reef edifices through reef coring 
brings new considerations to the field of paleoclimate reconstruction. As specific, live colonies 
cannot be targeted and the core orientation through a given corallum cannot be adjusted to align 
with the major (commonly vertical) growth axis, recovered core material may not be in the 
optimum sampling position. Increasing the number of coral species that can act as paleoclimate 
indicators will significantly enhance our capacity to conduct environmental reconstructions from 
reef cores. 
Once core material has been recovered from a reef, there remains the issue of species identification 
where no organic components remain to act as an aid. Therefore, a new paleoclimate indicator 
species should be relative simple to identify based on skeletal properties alone. However, difficulty 
is likely to remain in identification down to species level, and that may result in significant errors in 
paleoclimate reconstructions. In addition to developing corals that are easily distinguished, future 
research should aim at quantifying the differences in geochemistry sensitivity associated with 
different species of the same genus. The two Siderastrea species, S. siderea and S. radians, can be 
distinguished by corallite size, but contain similar sensitivities in δ18O signatures (−0.138‰/°C and 
~−0.11‰/°C respectively) that may reduce inaccuracies caused by incorrect species identification. 
Unfortunately, S. siderea does not have a large contribution to Holocene reef cores from Florida 
[Flannery and Poore, 2013]. Regardless, where intrageneric ranges of sensitivities are well 
established, values from sub-fossil corals could be placed within a general set of constraints. 
Given the specific nature of transfer equations, both taxonomically and geographically, the ability 
of coral reefs to act as paleoclimate recorders through longer periods of significant environmental 
change, e.g., changes in water depth and circulation patterns, may be reason for concern. This is 
especially the case given the suggestion that Diploastrea heliopora and Montastraea annularis 
record different geochemical signals during stress intervals [Damassa et al., 2006; Emiliani et al., 
1978]. However, as with compensation for variable vital effects in colonies from the same region 
[see Goodkin et al., 2007], calibration using corals from a wider range of environmental conditions 
may result in a more robust relationship, despite environmental change. Significant progress in this 
direction could be completed even on a single reef with analysis of coeval sample archives covering 
the reef slope, reef flat and lagoon environments. 
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 Conclusions 
As the requirement to collect new pre-instrumental Holocene paleoclimate data becomes 
increasingly clear, a number of major issues have been identified that complicate the transfer of 
geochemical signals incorporated in coral skeletons into environmental data. These primarily relate 
to vital effects, distribution of the geochemical time series in skeletons owing to variation in skeletal 
ultrastructure, suitability of particular transfer equations and diagenesis of and within original coral 
aragonite. As these issues are taken into account and parallel studies are completed, true 
environmental signals are being isolated from noise. At the same time, it is critical to expand our 
repertoire of paleoenvironmental archives in corals. Several non-traditional (i.e., not Porites species 
that form massive colonies) branching and massive scleractinian coral species possess significant 
potential for use in paleoclimate reconstruction. To acquire Holocene paleoclimate records 
extending more than 400 years into the past [Jansen et al., 2007; Masson-Delmotte et al., 2013] it is 
likely that coral based climate reconstructions will shift from drilling individually targeted live 
colonies on the sea floor to collecting deeper reef cores that contain coral samples through the entire 
thickness of Holocene reefs. Although older Holocene corals may be preserved on modern reef flats 
for thousands of years, they are likely to accumulate diagenetic issues that may affect trace element 
and isotopic proxies in this diagenetically active environment (e.g., Nothdurft and Webb, 2009). 
However, such diagenetic issues are likely to be minimised in reef core samples that were preserved 
below the intertidal zone for extensive time intervals. Unfortunately, reef coring techniques do not 
allow the specific targeting of massive corals, such as Porites, which are currently favoured for 
paleoclimate reconstructions [Cahyarini et al., 2008; Charles et al., 1997; Gagan et al., 1994; 
Kilbourne et al., 2004; Kuhnert et al., 1999]. Therefore calibrations of geochemical signals 
recorded within alternate, dominant reef building coral species are required for effective 
environmental reconstruction. 
Development of new scleractinian coral proxies for reconstructing SST have principally focused on 
massive coral genera (e.g., Diploria and Siderastrea) located in the Atlantic Ocean, outside the 
geographic range of massive Porites colonies [Bagnato et al., 2004]. These studies have been 
encouraged through a requirement for marine based climate data representing the Atlantic Ocean, 
which cannot be provided by traditional, massive Porites archives. However, due to the common 
presence of Porites in the Indo-Pacific region relatively little research has focused on alternate 
paleothermometers for Pacific based reconstructions. This currently limits the amount of 
recoverable paleoclimate data from deeper Holocene reef core samples. 
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Advances in new paleothermometry equations utilising non-Porites corals have made significant 
headway, but have not kept pace with technological advancements in proxy measurement strategies 
and coral screening. A significant number of previous studies have failed to consider the effects of 
early marine diagenesis, which can influence the geochemistry even in live collected coral material 
[Allison et al., 2005; Dalbeck et al., 2011; DeLong et al., 2010; Hendy et al., 2007; Nothdurft and 
Webb, 2009; Ribaud-Laurenti et al., 2001]. Geochemical variability associated with coral skeleton 
ultrastructure should also be considered when assessing the potential for new coral based 
paleothermometers [e.g., Bagnato et al., 2004; Damassa et al., 2006; Giry et al., 2010]. Further 
research into the skeletal structure of these alternate proxy species is required to fully quantify the 
effect of bio-smoothing of geochemical signals; an important issue for coral based reconstructions 
that is lacking in most developmental studies reviewed above. 
Despite these concerns, there appears to be significant potential for enhancing the species database 
from which SSTs can be accurately reconstructed. Sea surface temperature reconstructions have 
been successfully completed using calibrated colonies of Bermudian Diploria labyrinthiformis 
[Goodkin et al., 2005; Goodkin et al., 2008], and D. strigosa geochemistry appears to correlate well 
with North Atlantic SST anomaly indices [Hetzinger et al., 2006]. Colonies of Siderastrea radians 
and S. siderea also hold significant potential as new climate indicators with similar inter-species 
sensitivities of Sr/Ca [Maupin et al., 2008; Moses et al., 2006a], which will be useful for drill core 
based reconstructions where colony identification may be limited to the genus level. Further 
development of these various species calibrations will allow for enhanced recovery of 
environmental data from drill cores. The spatial coverage of coral based reconstructions will also be 
enhanced, thus allowing better paleoclimate records from the pre-instrumental mid- to late 
Holocene. 
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 Uranium-thorium (U-Th) dating 
Following the early observations of age-related thorium-230 (230Th) trends in fossil corals by 
Barnes et al. [1956], the uranium-238 (238U) decay chain has significant importance within 
carbonate based paleoclimate studies. The relatively short half-lives of the α-emitting intermediate 
daughter isotopes uranium-234 (234U) and 230Th [245,250 ± 490(2σ) and 75,690 ±230(2σ) years, 
respectively] allow the decay chain to be used for dating carbonate materials over the last 500,000 
years [Cheng et al., 2000; Edwards et al., 1987; Zhao et al., 2009]. This dating mechanism for coral 
aragonite is based on the fractionation of U from Th in seawater, which has a 230Th/238U ratio 
approximately 105 times lower than observed within igneous rocks [Edwards et al., 1987]. Uranium 
is slightly soluble and predominately exists as uranyl tricarbonate in seawater [Saito and Miyauchi, 
1982] at pH > 8 [Djogić et al., 1986]; thus carbonate precipitation in a marine environment will 
incorporate trace amounts of U, but almost no Th (insoluble) [Clark et al., 2012; Zhao et al., 2009]. 
This leads to an excess of U in the decay chain, which, provided the system remains closed, takes 
about 500,000 years to be normalised by radioactive decay until secular equilibrium is achieved 
[Zhao et al., 2009]. 
Modern corals tend to have 234U/238U activities of 1.145, similar to the 1.144±0.004 value of 
modern seawater [Chen et al., 1986; Henderson et al., 1993], suggesting that there is no significant 
fractionation through coral growth [Edwards et al., 1987; Edwards et al., 2003]. Coral material 
from Hateruma, dated at 200,000–260,000 years BP, however, reveals significantly higher 234U/238U 
ratios of 1.224 (±0.0027 1σ) [Henderson et al., 1993]. This discrepancy can be explained by either a 
change in the seawater 234U/238U over time, or a diagenetic enrichment of the coral carbonate. 
Groundwater interaction with carbonates may provide a diagenetic source of high 234U/238U ratios 
through the alpha-recoil process (during alpha decay the daughter isotope, 234U, may be directly 
ejected from the carbonate lattice or knocked, resulting in increased susceptibility to leaching into 
the groundwater [Bourdon et al., 2003; Edwards et al., 2003; Osmond and Ivanovich, 1992; 
Osmond and Cowart, 1992]). Diagenetic screening via SEM and XRD was used to identify samples 
affected by diagenesis, with secondary calcite deposits and aragonite cements noted to result in 
significant errors in U-Th derived age estimations [Henderson et al., 1993]. Pristine aragonite 
material from Hateruma, however, did not provide any evidence for a greater than 1% change in 
seawater 234U/238U in the last 260,000 years [Henderson et al., 1993].  
The potential influence of diagenesis on U-Th dating was further investigated by Stirling et al. 
[1998] using the initial coral 234U/238U ratio [δ234U(T)]. Their conclusions suggest that only samples 
with δ234U(T) of 149±4‰, i.e. those within the range of modern seawater, can provide reasonable 
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230Th derived ages. Extending this range to 149±10‰ allows the inclusion of some material that has 
been exposed to minor levels of diagenesis [Stirling et al., 1998]. Diagenetic influences are mostly 
observed in surface samples that contain non-marine δ234U signatures and a disagreement between 
231Pa (an alternate dating technique based off the 235U decay chain) and 230Th derived ages [Cutler 
et al., 2003]. A weak correlation (r2 = 0.21) is observed between the two separate indicators, 
suggesting that diagenesis does not affect both proxies in the same manner and, thus, both may be 
screened in order to fully assess carbonate preservation. Cutler et al., [2003] suggested that a 
carbonate material can be described as diagenetically unaltered if: 
a) the 231Pa/235U ratios were within 1% of the expected value from 230Th ages and the 2σ analytical 
error of 231Pa/235U was 1% or; 
b) the 231Pa and 230Th ages were within 2,000 years of each other and the 2σ analytical errors in 
231Pa and 230Th ages were within 2,000 years of each other. 
Due to the nature of the U-series analysis and the nature of the decay systematics, younger 
carbonate material has a small absolute error in 230Th derived ages but a large range in precision. 
Older coral material contains a low error of precision and a high absolute age error. Therefore, 
criteria ‘a’ is more applicable towards older samples, with the 2,000 year limit deemed more 
important for younger carbonate materials [Henderson et al., 1993]. 
The dating of relatively young (< 10,000 years old) carbonate material, provides significant 
problems due to the smaller amounts of 230Th relative to those observed in older (> 10,000 year old) 
material. This low content requires strict analytical procedures including the separation of 
laboratory equipment used for handling and storage of young and old carbonate material [Edwards 
et al., 1987; Shen et al., 2012; Zhao et al., 2009]. Young coral material also requires a correction for 
non-radiogenic, initial/detrital 230Th [Yu et al., 2006; Yu et al., 2012; Zhao et al., 2009], which may 
be derived from aeolian dust inputs; surface water signatures containing both dissolved and 
particulate Th; upwelled seawater from the deep sea, carbonate sands derived from coral reef 
weathering or terrestrial riverine runoff in coastal regions [Clark et al., 2012; Moran et al., 2002; 
Shen et al., 2008; Yu et al., 2006]. This initial 230Th correction is where most of the dating error is 
introduced [Yu et al., 2012; Zhao et al., 2009], with a 20% uncertainty estimated for non-radiogenic 
Th corrections in massive Porites colonies collected from the South China Sea [Yu et al., 2006]. 
Both accuracy and precision of the U-Th dating technique relies on detailed, site specific 
understanding of the initial 230Th/232Th ratio in marine carbonates [Robinson et al., 2004; Shen et 
al., 2008]. In circumstances where the initial 230Th/232Th is high, isochrons can be constructed using 
several samples of the same age (such as along a single density band) with varying 230Th/232Th 
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components. This isochron allows extrapolation to a uranium free endmember to derive the initial 
230Th/232Th ratio. Sample age and endmember initial 238U/234U can also be evaluated from 
extrapolation to the 232Th free endmember [Edwards et al., 2003]. 
Technological improvements in multi collector-inductively coupled plasma-mass spectrometry 
(MC-ICP-MS) and high resolution Sector Field ICP-MS (ICP-SF-MS) measurements now result in 
precision of 230Th derived ages similar to or better than TIMS measurements with a smaller required 
sample size (10–50 mg for fossil corals, 200 mg for modern samples) and increased sample 
throughput [Hellstrom, 2003; Shen et al., 2012; Zhao et al., 2009]. Less sample material is required 
in the MC-ICP-MS methodology while maintaining a higher precision of age estimates. However, 
there is a non-linear secondary electron multiplier behaviour that is not associated with ICP-SF-MS 
or TIMS measurements. Spectral interferences of MC-ICP-MS are also 3–10 times greater than 
those calculated for ICP-SF-MS, with an efficient removal of organic material required in order to 
prevent measurement bias [Shen et al., 2012]. 
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Chapter 4. CORYMBOSE ACROPORA: SKELETAL STRUCTURE AND 
Sr/Ca GEOCHEMISTRY 
 
 [Paper 2] Structure and palaeoenvironmental implications of inter-branch coenosteum-
rich skeleton in corymbose Acropora species. 
Paper 2 provides the first stage of developing inter-branch skeleton of corymbose Acropora as a 
new paleoclimate archive. Scanning electron microscopy is extensively used to document and 
develop a growth model for the precipitation of inter-branch skeleton. Initial geochemistry results 
suggest seasonality in Sr/Ca ratios that correlate with inter-branch density banding. These results 
suggest that inter-branch skeleton within corymbose Acropora holds high potential as a new 
paleoclimate archive.  
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 Abstract 
Coral reefs provide an increasingly important archive of paleoclimate data that can be used to 
constrain climate model simulations. Reconstructing past environmental conditions may also 
provide insights into the potential of reef systems to survive changes in the Earth’s climate. Reef 
based paleoclimate reconstructions are predominately derived from colonies of massive Porites, 
with the most abundant genus in the Indo-Pacific—Acropora—receiving little attention owing to 
their branching growth trajectories, high extension rates and secondary skeletal thickening. 
However, inter-branch skeleton (consisting of both coenosteum and corallites) near the bases of 
corymbose Acropora colonies holds significant potential as a climate archive. This region of 
Acropora skeleton is atypical, having simple growth trajectories with parallel corallites, 
approximately horizontal density banding, low apparent extension rates and a simple microstructure 
with limited secondary thickening. Hence, inter-branch skeleton in Acropora bears more similarities 
to the coralla of massive corals, such as Porites, than to traditional Acropora branches. Cyclic 
patterns of Sr/Ca ratios in this structure suggest that the observed density banding is annual in 
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nature, thus opening up the potential to use abundant corymbose Acropora for paleoclimate 
reconstruction.  
 Keywords 
Acropora 
Coenosteum 
Density banding 
Paleoclimate 
Skeletal microstructure 
 Introduction 
As scientists, governments and policymakers attempt to predict and plan for changes in Earth’s 
climate over the upcoming decades and centuries, coral reefs provide an increasingly important 
archive of paleoclimate data that can be used to constrain climate model simulations. Although the 
structure and distribution of coral reefs can provide broad data for previous climatic conditions, 
individual coral skeletons have received significant attention for their quantitative archives of 
geochemical data that can inform previous seawater temperature [Bagnato et al., 2004; DeLong et 
al., 2013; Epstein et al., 1953; Gagan et al., 2012; Grottoli and Eakin, 2007; McCrea, 1950], 
salinity [Corrѐge, 2006; Felis et al., 2009; Gagan et al., 1998; Hendy et al., 2002; Le Bec et al., 
2000; Pretet et al., 2014; Wu et al., 2013], pH [Hemming and Hanson, 1992; Pelejero et al., 2005; 
Shinjo et al., 2013; Wei et al., 2009] and nutrient concentration [LaVigne et al., 2008; LaVigne et 
al., 2010]. The vast majority of coral based paleoclimate studies in the Indo-Pacific have utilised 
massive colonies of the genus Porites due to their large, simple coralla that can record continuous 
geochemical records over multi-century time scales. However, targeted Porites colonies are 
generally only hundreds of years old, or represent older colonies that have been stranded in the 
diagenetically unstable reef flat environment for thousands of years—potentially compromising 
their geochemical archives [Allison et al., 2005; Enmar et al., 2000; Lazar et al., 2004; McGregor 
and Gagan, 2003; Nothdurft and Webb, 2009; Sayani et al., 2011], although reliable geochemical 
records can be recovered from microatolls following detailed vetting for diagenesis [e.g., Roche et 
al., 2011]. The most abundant corals in modern Indo-Pacific reefs are branching species of 
Acropora [e.g., Marshall and Davies, 1982; Montaggioni, 2005; Ribaud-Laurenti et al., 2001; 
Shirai et al., 2008], which have been deemed inappropriate for paleoenvironmental reconstructions. 
Acropora branches typically exhibit high extension rates that limit the available temporal span of 
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analysis. More importantly, branches are subject to continuous deposition of younger, secondary 
skeletal aragonite within corallites [Gladfelter, 1982; Nothdurft and Webb, 2007; Oliver, 1984; 
Roche et al., 2011; Shirai et al., 2008] that results in time-averaging (bio-smoothing) of the 
temporal geochemical record [Barnes et al., 1995; Dunbar et al., 1994; Gagan et al., 1994; Gagan 
et al., 2012; Linsley et al., 1999; Nothdurft and Webb, 2007; Taylor et al., 1993].  
This paper presents the first description of the inter-branch skeletal structure in corymbose 
branching Acropora, which may allow the recovery of high quality paleoclimate archives from 
these abundant reef corals. Corymbose corals are characterised by relatively compact coralla of 
diverging branches that grow to a common level (Figure 4-1a) and include a diverse group of 
species within Acropora [Wallace, 1999]. Although Acropora generally is characterised by 
branches with two types of corallites—an axial corallite and radial corallites that arise from it at an 
acute angle—many corymbose coralla have non-branching skeleton developed between the 
branches near the base of the corallum (Figure 4-1b). Observations made on samples from 
Holocene reef framework blocks [Jell and Webb, 2012] suggest that this inter-branch skeleton is 
significantly less dense than branches (Figure 4-1b, Figure 4-2), and thus may contain reduced 
secondary thickening deposits. This may make inter-branch skeleton in Acropora less subject to 
geochemical signal attenuation by bio-smoothing, allowing some Acropora colonies to act as a new 
high resolution paleoclimate archive.  
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Figure 4-1: Corymbose Acropora. a) living corymbose Acropora colony form the upper reef margin 
of Heron Reef, GBR. b) horizontal section broken through corymbose Acropora in Holocene reef 
rock block dredged from the Heron Reef boat harbour. Note the inter-branch skeleton containing 
corallites separated by coenosteum between the denser coral branches. 
 
 
 
Figure 4-2: Branch and inter-branch skeletal deposits of Acropora. Inter-branch skeleton consists of 
corallites within a low-density coenosteum with an open grid-like structure relative to the 
secondarily thickened branches. 
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The ability to recover paleoenvironmentally sensitive geochemical archives from abundant 
corymbose Acropora species is highly significant. The Intergovernmental Panel on Climate Change 
(IPCC) Fourth Assessment Report highlighted a limit to our understanding of climate variability 
prior to the last several hundred years, especially in the southern hemisphere and tropics [IPCC, 
2007]. This limitation was still apparent by the subsequent Fifth Assessment Report [Masson-
Delmotte et al., 2013]. A new common source for paleoclimate data will expand our ability to fill in 
some of those gaps. Environmental data acquired from deeper reef cores (as opposed to discretely 
targeted individual living colonies) provide an alternative source of high resolution paleoclimate 
data from throughout the Holocene, with material sourced from below the most active diagenetic 
zone [Webb et al., 2011]. However, a disadvantage of reef core based strategies is that specific coral 
species (e.g., massive Porites), corallum sizes or growth morphologies cannot be specifically 
targeted for ease of paleoclimate reconstruction. Rather, deep reef cores contain variably oriented 
sections of the typical coral assemblage in the facies being cored and Porites may or may not be 
encountered. Although efforts are being made to use other types of corals for paleoclimate 
reconstruction (e.g., Diploastrea [Bagnato et al., 2004; Damassa et al., 2006; Watanabe et al., 
2003], Diploria [Cardinal et al., 2001; Goodkin et al., 2007] and Siderastrea [DeLong et al., 2011; 
Maupin et al., 2008]), acroporids are amongst the most abundant corals recovered in Indo-Pacific 
paleo-reef cores covering the Holocene and Pleistocene epochs [Marshall and Davies, 1982; 
Montaggioni, 2005; Roche et al., 2011; Webster and Davies, 2003], thus increasing the potential 
temporal and geographic spans for older coral-based climate reconstructions.  
 Methods and Materials  
Twelve modern corymbose Acropora colonies (A. humilis group) were sampled from the reef slope 
(2.55–11 m below low tide), reef flat (exposed on low tide) and lagoon (approximately 2 m deep) at 
Heron Reef, southern Great Barrier Reef (GBR) (Figure 4-3) using a pneumatic drill and SCUBA in 
February, 2014. Tissue thickness was determined from the recovered 36–155 mm long, 50 mm 
diameter cores, which were then soaked in dilute NaOCl solution to remove bulk organic matter and 
air dried. A 135 mm long, 50 mm diameter core of corymbose Acropora (A. millepora—C. 
Wallace, pers. comm.), U-Th dated at 6,128 years BP [Webb et al., 2011], was previously recovered 
from approximately 3.9 m deep in the reef matrix via coring of the leeward reef flat of Heron Reef 
(Figure 4-3). Sample cores were imaged by computed tomography (CT), analysed using OsiriX© 
software and sectioned along the major growth axis of the inter-branch skeleton using a diamond 
saw on the basis of the CT scans. Areas of interest in mid-Holocene and modern cores were then 
sub-sectioned for observation of inter-branch skeletal structure and microstructure using scanning 
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electron microscopy (SEM) on whole mount and polished and etched (1% formic acid for 20 
seconds) resin impregnated samples with a Hitachi TM3000 SEM at the School of Earth, 
Environment and Biological Sciences, Queensland University of Technology (QUT).  
 
 
Figure 4-3: Sample locations from Heron Reef, southern GBR. Coral samples were collected within 
the Scientific Research Zone of Heron Reef from the reef flat, reef slope and lagoon 
 
The nature of the density banding pairs was assessed using Sr/Ca ratios obtained through 
inductively coupled plasma-mass spectrometry (ICP-MS) in the Radiogenic Isotope Facility at the 
University of Queensland. Slabs (5 mm thick) were produced from the modern coral cores and were 
X-rayed before cleaning in 15% H2O2 for 48 hours at room temperature. Sub-samples (~1 per mm) 
were collected using 1 mm diamond coated mill bits attached to a Dremel® rotary tool fitted with a 
Flex-Shaft Attachment. Sr/Ca elemental ratios were measured using a Thermo X Series II 
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) at the Radiogenic Isotope Facility, The 
University of Queensland, following a procedure modified from Nguyen et al., [2013]. 
Approximately 0.2 mg of aragonite powder subsamples were dissolved in 10 ml solution of 2%, 
double teflon-distilled Nitric Acid (HNO3) spiked with an 18 ppb Scandium (Sc) 14 ppb Vanadium 
(V), 7 ppb Indium (In) and 1 ppb Bismuth (Bi) internal standard solution. An internal drift 
correction (correcting for variability in plasma ionisation efficiency and sample introduction) was 
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applied based on the signals of the internal standard solution. Additionally, an external correction 
(for any remaining drift) was applied using a coral monitoring solution containing the JCp-1 
international reference material. Additional samples of JCp-1 provided a mean Sr/Ca value of 8.82 
mmol/mol, which is within analytical error of the values reported by Hathorne et al., [2013]. ICP-
MS long term reproducibility was calculated at 0.36 % RSD – relative standard deviation. 
 Results 
Of the twelve modern Acropora samples collected, six contained significant volumes of well-
developed inter-branch skeleton. Of these samples, four were identified as A. humilis, one as A. 
samoensis and one as A. digitifera. Tissue thickness measurements ranged from 2 mm (A. humilis) 
to 6 mm (A. samoensis) (Table 4-1). 
Table 4-1: Species identification and characteristics of the 6 modern Acropora cores that display 
clear banding that allow estimations of extension rates. 
Sample Species 
Uppermost 
Density 
Band 
Tissue 
Thickness 
(mm) 
Average 
Growth Rate 
(mm year−1) 
Bio-smoothing 
Potential 
(months) 
AR_HF_1 Acropora humilis High 2 12.77 2 
AR_HL_3 Acropora humilis High 2 7.68 3 
AR_HL_4 Acropora humilis High 4 7.26 7 
AR_HS_2 Acropora digitifera Low 3 3.87 9 
AR_HS_3 Acropora samoensis High 6 7.29 10 
AR_HS_6 Acropora humilis High
a 5 7.63 8 
aAppears to be in transition from low to high density. 
 
4.5.1 Skeletal structure 
Supporting initial visual assessment, CT scans of recovered mid-Holocene and modern samples 
(Figure 4-4a, Figure 4-4b) reveal that inter-branch skeleton in Acropora has a lower density than the 
branches themselves. Furthermore, density banding patterns occur in the inter-branch skeleton of 
both mid-Holocene and modern cores (Figure 4-4), with five of the six modern colonies studied 
containing high density bands at the surface (Table 4-1). Branches appear to be more or less 
vertically orientated, with density bands either remaining perpendicular to branches or sloping away 
from them in a ‘u-shaped’ parabola (Figure 4-1). Interestingly, X-radiographs of 5 mm thick coral 
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slabs reveal the presence of finer density bands (Figure 4-4c) than those resolved by the medical CT 
scanner (Figure 4-4b). Corallites are more or less vertically oriented within the inter-branch 
skeleton at right angles to the density banding. Both radial and axial corallites of Acropora branches 
in the mid-Holocene core merge into the inter-branch skeleton, and then continue to propagate 
through the skeleton as indistinguishable parallel corallites (white arrows, Figure 4-4a). 
Importantly, the axial corallite appears to lose its unique character and no longer gives rise to lateral 
offsets within the inter-branch skeleton. In this manner, it becomes morphologically 
indistinguishable from other inter-branch skeleton corallites. Radial corallites in modern cores were 
also noted to propagate through inter-branch skeleton (white arrows, Figure 4-4c), however, no 
branch terminations were recovered in the modern cores and thus the characteristics of axial 
corallites within modern inter-branch material could not be assessed. 
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Figure 4-4: Computed tomography (CT) image of a) mid-Holocene alongside b) CT image and c) 
X-radiograph of modern, live collected corymbose Acropora recovered from the reef flat of Heron 
Reef. Inter-branch skeleton has lower density (darker) than the coral branches (lighter), reflecting 
reduced secondary thickening. Alternating bands of high and low density, similar to those observed 
in massive Porites colonies are also present. Both radial and axial branch corallites (white arrows in 
a) in the mid-Holocene sample merge into, and become indistinguishable, within the inter-branch 
skeleton. This propagation was also observed in the radial corallites of modern samples (white 
arrows in c). No density bands are observed within the branches themselves. 
 
Inter-branch skeleton consists of a more or less rectilinear structure as viewed in vertical section 
(Figure 4-2), with parallel vertically orientated corallites that are separated by significant volumes 
of coenosteum. Coenosteum in the inter-branch skeleton is a distinct skeletal structure from corallite 
walls, with significant open spaces formed through a series of vertical pillars and horizontal rungs 
(the terms ‘vertical’ and ‘horizontal’ within this manuscript refer to relative orientation of structures 
with respect to the major growth axis, with vertical being parallel to the direction of extension) that 
generate a quasi-regular open grid structure (Figure 4-2 and Supplementary Figure 4-1). In its most 
basic form, the vertical pillars are connected by isolated, horizontally oriented rungs that generally 
2
m
0 m
cba
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develop at a similar level in all directions thus giving the coenosteum a distinct horizontal 
lamination (Supplementary Figure 4-1a). In some places the horizontal rungs merge together 
laterally to form a relatively continuous ‘coenostial floor’ between pillars (Figure 4-5). Incomplete 
merging of rungs leaves relatively rounded pores through the ‘floor’ between pillars (white arrow, 
Figure 4-5). A similar type of lateral fusion occurs in vertical coenosteum pillars forming 
discontinuous, vertically orientated plates (Figure 4-6). These vertical plates are distinct from inter-
branch corallite walls, which may be difficult to identify due to a similar thickness to both 
coenostial pillars and plates (Figure 4-7, Supplementary Figure 4-2). Within the material observed, 
horizontal ‘floors’ appear to be more common than vertical walls (Supplementary Figure 4-2), 
which tend to be mutually exclusive with distinct layers dominated by either horizontal or vertical 
fusion. 
 
 
Figure 4-5: Coenostial floors in a modern branching Acropora. Horizontal rungs in the grid 
structure appear to fuse together forming a solid floor that is not continuous throughout the sample. 
These floors are distinguishable from dissepiments based on their restricted orientation with the 
coenosteum grid/lattice and significantly thicker dimensions. White arrow indicates a region of 
incomplete floor formation. Note that vertical pillars are preferentially thickened where they merge 
with the floors. The major growth direction within this image is from the bottom right to the top 
left, perpendicular to the coenostial floors. 
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Figure 4-6: Coenostial plates in mid-Holocene branching Acropora. Vertical pillars in the grid 
structure appear to fuse together forming a solid plate that is not continuous in the field of view. As 
with the coenostial floor, these plates are distinguishable from dissepiments based on their restricted 
vertical orientation within the coenosteum grid/lattice and significantly thicker dimensions. These 
features can be difficult to distinguish from corallite walls in some two-dimensional sections. 
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Figure 4-7: Composite SEM image of the coenosteum-branch boundary in Holocene Acropora. 
Finer skeletal deposits on the left hand side of the image comprise the inter-branch skeleton 
whereas the coral branch and radial corallites on the right hand side are characterised by thicker 
skeletal material. Exothecal dissepiments (relatively thinner coherent structures) can be seen 
running through the coenosteum at regular intervals, but do not appear to be associated with 
horizontal rungs of the coenosteum framework. Note that pillars in coenosteum are in many cases 
thicker than septa in corallites in both inter-branch skeleton and branches. 
 
Inter-branch skeleton contains broad, slightly ‘domed’ exothecal (outside of corallites) dissepiments 
that are completely discrete from the coenostial framework and intersect pillars and rungs at various 
angles (Figure 4-7, Supplementary Figure 4-3). The undersides of dissepiments clearly display the 
typical depositional pattern of concentric growth inwards from the vertical elements of the 
coenosteum until they meet from opposing edges and fuse (Supplementary Figure 4-3b). Exothecal 
dissepiments are significantly thinner than the pillar and rung framework, with relatively even 
spacing (~0.8 mm on average in the mid-Holocene sample) similar to that of the relatively flat 
endothecal dissepiments (those within the corallites) (Figure 4-7).  
4.5.2 Microstructure 
As is typical in Acropora, branch skeleton contains significant secondary thickening (Figure 4-7, 
Figure 4-8, Supplementary Figure 4-1), with thick, discrete, temporally disjunct layers of shingles 
deposited over the primary Rapid Accretion Deposits (RADs) [sensu Stolarski, 2003] of septa, 
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costae and spinules [Nothdurft and Webb, 2007] (Figure 4-8a, Figure 4-9). Pillars and rungs in the 
inter-branch skeleton are also primarily composed of RADs, but have greatly reduced thickness of 
shingle microstructure, resulting in a smoother skeletal surface (Figure 4-8b, Figure 4-8c) relative to 
branch deposits. 
 
 
Figure 4-8: Scanning electron microscopy images of polished and etched mid-Holocene Acropora 
skeletal microstructure. a) Two Rapid Accretion Deposits (RADs) and associated fibres in an 
Acropora branch are encased in layered shingle deposits (up to ~75 µm thick) through the process 
of secondary thickening. b) The RADs in the pillars and rungs of the inter-branch skeletal structure 
can be seen as darker patches on polished and etched surfaces that are surrounded by a thin (~5 µm 
thick), in some cases, single layer of thickening deposits (shingles). c) Resin did not penetrate into 
this pore space, revealing single layer shingle microstructure on the surfaces of pillars and rungs in 
the inter-branch skeleton.  
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Figure 4-9: Scanning electron microscopy image image of temporarily disjunct aragonite deposition 
around the axial coralite in a modern Acropora branch. This slice through the Acropora branch 
reveals septa with two discrete stages of secondary thickening (labelled as 1 and 2) that occluded 
parts of the interseptal space as the branch was strengthened with shingle deposits. 
 
Coenosteum rungs may grow unidirectionally from one pillar to another, or opposing rungs may 
grow towards each other and meet or overlap each other with an interlocking boundary 
(Supplementary Figure 4-4). High and low density bands in inter-branch skeleton result from 
differential thickening of structural elements (Figure 4-10, Figure 4-11) with dense bands resulting 
from thickened pillars and rungs. However, thickened pillars and rungs do not appear to result from 
an increase in the number of layers of shingle bundles. Shingles are observed to be sparse and 
relatively flat lying in both high and low density bands (Figure 4-11). The microstructure of 
continuous coenostial floors is complicated internally with evidence of secondary horizontally 
oriented RADs extending between rungs (Supplementary Figure 4-5). However, the structure is 
obscured in most cases owing to the presence of thin shingle deposits that smooth over the initial 
framework trabeculae. Regardless, the key difference between the microstructure within branches 
and inter-branch skeleton is the lack of the discrete layered packages of shingle microstructure that 
characteristically thicken Acropora branches. 
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Figure 4-10: Composite SEM image of polished and etched section showing density bands in inter-
branch skeleton. Similar to massive corals, high density bands are formed by an increase in the 
relative thickness of coenosteum skeletal structures as opposed to a reduction in skeletal spacing.  
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Figure 4-11: Structural variations associated with mid-Holocene Acropora inter-branch coenosteum 
a) high and b) low density bands. High density bands of the inter-branch coenosteum are the result 
of generally thicker structural elements compared to those associated with low density bands. 
Density banding is unlikely to result from variations in shingle abundance as there are no obvious 
temporally disjunct layers of shingle thickening. 
 
4.5.3 Geochemistry 
Ratios of Sr to Ca from Acropora inter-branch skeleton display clear oscillations in the first 53 
samples (Figure 4-12), which would be consistent with seasonality in water temperature. Samples 
53–70, milled from regions in close proximity to and thus potentially including branch material 
(Supplementary Figure 4-6), contain increased Sr/Ca variability. 
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Figure 4-12: Geochemical analyses from Acropora inter-branch coenosteum with the living surface 
on the right. Sr/Ca ratios of coarse samples (1 mm resolution) display clear oscillation in the first 53 
samples that correlates roughly with high and low density bands (grey and white backgrounds, 
respectively), potentially reflecting seasonal changes in water temperature. Samples 54–70 
contained small volumes of branch material within the inter-branch coenosteum that reduces the 
signal quality. Regardless, the correlation is consistent with the density banding being annual in 
nature. Note that the Sr/Ca axis is inverted to provide a profile similar to water temperature. 
 
 Discussion 
Branching coral species have received limited attention as paleoclimate indicators due to three key 
problems: a lack of annual density banding patterns within the branch to constrain geochemical 
sampling along an axial trajectory [Gallup et al., 2006; Ribaud-Laurenti et al., 2001] (Figure 4-4); 
rapid growth rates [Gladfelter et al., 1978; Morgan and Kench, 2012; Shapiro, 1980; Shirai et al., 
2008], which considerably reduce the length of time series data; and the deposition of secondary 
aragonite associated with skeletal thickening within branch corallites [Gladfelter, 1982; Nothdurft 
and Webb, 2007; Oliver, 1984; Roche et al., 2011; Shirai et al., 2008] that results in time averaging 
of environmental signals [Barnes et al., 1995; Dunbar et al., 1994; Gagan et al., 1994; Gagan et 
al., 2012; Linsley et al., 1999; Nothdurft and Webb, 2007; Taylor et al., 1993]. As far as the authors 
are aware, this study is the first to describe inter-branch coenosteum-rich skeleton in Acropora, 
skeletal deposits that may overcome these key problems and thus potentially provide a new 
paleoclimate archive. 
Wells [1956] defined coenosteum as the structures that connect individual corallites, and 
descriptions of Acropora generally include characteristic variations in the coenosteum between 
radial corallites in branches (i.e., branch coenosteum). However, Wallace [1999] noted that radial 
corallites in Acropora are separated by the wall of the axial corallite. Thus, unlike in massive corals, 
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coenosteum in Acropora has generally referred to the walls of both axial and radial corallites 
[Wallace, 1999]. The reduced density of both inter-branch coenosteum and corallites compared to 
those in Acropora branches (Figure 4-4) results from variations in the mode of skeletal growth 
within the corallum. Polyps in the Acropora branch first deposit an initial framework skeleton of 
RADs that is subsequently thickened by the deposition of shingle layers. These shingle deposits can 
continue to occlude interseptal spaces in corallites over a period of months to years [Gladfelter, 
1982; Nothdurft and Webb, 2007] (e.g., Figure 4-9). In contrast, inter-branch coenosteum consists 
of an open grid structure that does not display extensive secondary shingle thickening or porosity 
reduction (Figure 4-13). Even where the basic grid is made robust by the formation of either 
coenostial floors or vertical plates, the structure still lacks the level of thickening and occlusion of 
secondary porosity typical of branches. There is no evidence of significant temporally disjunct 
packages of shingle microstructure within inter-branch coenosteum or corallites (Figure 4-11). 
Skeletal elements of Acropora inter-branch skeleton appear to share similar characteristics to 
vertical and horizontal grid-like components of exothecal skeleton of the massive coral Montastrea 
annularis [Dodge et al., 1993 their Figure 9] and Porites species [Le Tissier et al., 1994] 
(Supplementary Figure 4-7). 
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Figure 4-13: (Previous page) Simplified schematic diagram of Acropora inter-branch skeleton 
deposits. a) An initial open grid framework of RADs is initially emplaced and overlain by a thin 
layer of shingle deposits. This initial grid may become altered by the generation of b) a coenostial 
floor though fusion of horizontal rungs or c) a coenostial plate through fusion of vertical pillars. 
Microstructure within the coenosteum grid also displays variability in the generation of rungs from 
pillars. This growth can be d) uni-directional, e) interlocking from either side, or f) a result of 
merging growth from both sides, as indicated by arrows. 
 
Density banding has previously been described along the radial growth axis of large diameter 
branches of Acropora palmata from the Dominican Republic [Gallup et al., 2006] and US Virgin 
Islands [Gladfelter and Gladfelter, 1979], but none could be discerned along the axial growth 
direction of similar samples from Puerto Rico [Gallup et al., 2006]. Despite its presence in the 
radial component of branch growth of A. palmata, annual density banding is not considered to be a 
characteristic feature of Acropora. Although density banding pairs observed in massive corals are 
widely used in paleoenvironmental reconstructions [e.g., Alibert and McCulloch, 1997; Barnes and 
Devereux, 1988; Barnes and Lough, 1993; Calvo et al., 2007; DeLong et al., 2013; McGregor and 
Gagan, 2003; Yu et al., 2005], the cause of these variations has yet to be fully determined. Dodge et 
al. [1993] suggested that high density bands in Montastrea annularis are caused by increased 
thickening of exothecal skeletal elements, as opposed to variations in their spacing. Le Tissier et al. 
[1994] and Roche et al. [2011] reached similar conclusions for Porites colonies (P. lutea and P. 
porites) and Acropora branches (A. pulchra), respectively. However, it is worth noting that the 
identification of horizontal exothecal structures as dissepiments by Dodge et al. [1993] may be 
questionable. These structures resemble the bars of Le Tissier et al. [1994] that are structurally 
distinct from dissepiments. Regardless, density banding in Acropora inter-branch skeleton appears 
to represent variations of thickening, not spacing, of skeletal structures (Figure 4-10, Figure 4-11), 
as observed in massive corals. The presence of finer, sub-annual density bands has commonly been 
observed in massive Porites colonies [Barnes and Lough, 1989; 1993; Buddemeier, 1974; Le 
Tissier et al., 1994], but were not clearly apparent in the CT images of Acropora inter-branch 
skeleton (Figure 4-4a, Figure 4-4b). Virtually decreasing the thickness of the CT ‘slabs’ with 
OsiriX© software to represent the decreasing block thickness of Le Tissier et al. [1994] did not 
reveal fine scale banding. However, X-radiographs of 5 mm thick coral slabs display an increased 
banding resolution (Figure 4-4c) that appears to be due to the identification of the horizontal floors 
of the inter-branch coenosteum.  
In terms of paleoenvironmental reconstruction, the oscillating pattern observed in Sr/Ca ratios is 
consistent with observed density bands in inter-branch skeleton being approximately annual in 
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nature (Figure 4-12). Hence, density banding in Acropora inter-branch skeleton can be attributed to 
specific seasons and will allow constraints on geochemical sampling to ensure a standard temporal 
resolution despite potential changes in linear extension. Of the six modern Acropora cores that 
display clear density banding within inter-branch skeleton, five clearly indicate high density growth 
at the time of collection—February, i.e., austral summertime—(e.g., Table 4-1, Figure 4-12), with 
the sole A. digitifera core suggesting low density growth during local summer (Table 4-1). The 
general deposition pattern of dense skeleton during summer is consistent with the overall trend in 
Porites density band formation over the GBR [Lough and Barnes, 1990]. Although preliminary 
geochemical data (Sr/Ca ratios—Figure 4-12) are consistent with a predominately seasonal control 
on density band formation in Acropora, as with massive Porites, fine-tuning of any density band 
derived age models with skeletal geochemistry oscillations will be required [e.g., DeLong et al., 
2007; Felis et al., 2003; Felis et al., 2009; Gagan et al., 1994; Gagan et al., 2000].  
The presence of annual density banding allows the estimation of linear extension rates for inter-
branch skeleton. Acropora branches generally have extension rates of ~20–126 mm year−1 [Morgan 
and Kench, 2012; Shapiro, 1980; Shirai et al., 2008]. Band pair thicknesses observed in the mid-
Holocene A. millepora sample average ~8.0 mm, suggesting extension rates of ~8.0 mm year−1, 
which are significantly lower than values typically reported for Acropora branches, but similar to 
growth rates of massive Porites colonies [see Morgan and Kench, 2012 for a summary of reported 
extension rates]. Such a reduced extension rate should allow ~9 years of inter-annual climate data 
from the reef core derived A. millepora (Figure 4-4a). Density band spacing in the modern 
Acropora samples suggests linear extension rates between ~3.87 (A. digitifera) and 12.77 mm 
year−1 (A. humilis) (Table 4-1). 
The relationship between linear extension rates for the inter-branch skeleton and the branches 
themselves is potentially complex. The X-radiographs of coral slabs (both mid-Holocene and 
modern) commonly display a slight positive parabola (i.e., ‘u-shaped’) trend in density bands 
sloping away from branch edges into the inter-branch skeleton (Figure 4-4), which indicates a 
complex inter-branch skeletal geometry given the three dimensional nature of the corymbose 
Acropora colony (Figure 4-10). This pattern of deposition also suggests that most branches 
maintained positive relief above the inter-branch skeleton. In the mid-Holocene sample, branches 
and inter-branch skeleton both appear to have similar dissepiment spacing and corallites from 
branches merge smoothly into the surrounding coenosteum (Figure 4-4a). Some branches ceased 
extension and were overtaken by the inter-branch skeleton. The observed propagation of both mid-
Holocene axial and radial corallites within inter-branch skeleton suggests that not only can radial 
corallites can be activated into axial corallites during branch formation, as suggested by Roche et al. 
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[2011], but that axial corallites may also be ‘turned off’ where they become indistinguishable from 
radial corallites in inter-branch skeleton. However, corymbose corals include a diverse set of 
species groups [Wallace, 1999] and documenting inter-branch skeleton within all the different 
species is beyond the scope of this paper. Hence, the exact growth mode in the various corymbose 
Acropora species is yet to be fully determined. Most of the modern samples were collected from 
relatively small colonies where the basal inter-branch region may not have had time to reach the 
vertical extent observed in the mid-Holocene sample. However, inter-branch skeleton in all of the 
colonies observed grows significantly slower than the extension rates typically attributed to 
Acropora branches (Table 4-1). Branches in some of these corymbose morphologies may have 
reduced growth rates, or, as occurred in the mid-Holocene sample, individual branches may reduce 
and/or cease extension before corallites merge into the inter-branch skeleton.  
The relatively low density of inter-branch skeleton reflects a lack of the typical secondary, 
temporally disjunct thickening that results from aragonite shingle emplacement in Acropora 
branches [Nothdurft and Webb, 2007] and suggests that inter-branch skeleton may have 
significantly lower levels of bio-smoothing than associated branches [Figure 4-12; samples 1–53 
(inter-branch material), cf. samples 54–70 (inter-branch and branch material)]. Shingle deposits in 
the inter-branch skeleton are notably thinner than in proximal branches and were not observed in 
discernible, discrete packages. However, determination of the potential for bio-smoothing also 
requires knowledge of the relationship between the depth of the living tissue layer and growth rate 
[Barnes et al., 1995; Dunbar et al., 1994; Gagan et al., 1994; Gagan et al., 2012; Linsley et al., 
1999; Nothdurft and Webb, 2007; Taylor et al., 1993]. The depth of the living tissue layer is 
controlled by the distance below the corallum surface to where the last dissepiments were 
precipitated. Comparing the calculated extension rates based on density banding and observed 
tissue depth, our samples suggest limited inter-branch bio-smoothing of 2–10 months (Table 4-1), 
which overlaps that of Porites [~1–3 months, Nothdurft and Webb, 2007]. Hence, inter-branch 
skeleton in at least some species of corymbose Acropora overcomes the three main problems 
previously cited for recovering paleoenvironmentally sensitive geochemical archives from 
Acropora. Namely, inter-branch skeleton has a simple growth pattern with annual density bands, 
relatively low extension rates that potentially allow records spanning more than a decade, and lacks 
the levels of secondary skeletal thickening (shingle deposits) that cause significant bio-smoothing 
within the branches. Those features should allow high resolution paleoclimate reconstructions from 
inter-branch skeletal geochemistry.  
Corymbose Acropora morphologies intergrade with digitate and caespitose branching forms, 
therefore, intra-branch skeleton may occur in a wide range of Acropora species. As Acropora is 
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among the most common corals on Indo-Pacific corals reefs [Montaggioni, 2005; Veron, 2000; 
Wallace, 1994], there is serious potential to fill in existing gaps in the southern hemisphere, tropical 
paleoclimate databases [IPCC, 2007; Masson-Delmotte et al., 2013]. Colonies recovered from 
deeper reef cores are unlikely to be continuously oriented along the major growth axis as observed 
in the mid-Holocene sample of this study. However, if significant material is recovered the angle of 
geochemical sampling can be adjusted to the growth axis, allowing a limited interval for 
paleoclimate reconstruction. The next phase will be to calibrate the geochemical records in modern 
corymbose Acropora to instrumental temperature data so as to construct a meaningful transfer 
equation for paleothermometry—research that is currently underway.  
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 Supplementary Material 
 
Supplementary Figure 4-1: Scanning electron microscopy (SEM) images of the branch–inter-branch 
boundary in a) mid-Holocene and b) modern coral samples. Branch skeletal material is notably 
more thickened due to extensive secondary aragonite deposition, whereas the open matrix structure 
of the inter-branch region is less dense and appears to contain reduced thickening deposits. Note 
that the horizontal rung of the coenosteum does not extend into the corallite in Supplementary 
Figure 4-1a. 
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Supplementary Figure 4-2: Inter-branch skeletal structures. Inter-branch corallite walls are a similar 
thickness to pillars and rungs, which can complicate identification. There appears to be a dominance 
of coenostial floors over plates, especially in the lower right hand region of the figure. 
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Supplementary Figure 4-3: Dissepiments passing through the coral coenosteum. a) Dissepiments 
cross the coenosteum grid at varying angles and appear to be independent structures. Dashed box 
indicates the region displayed in b. b) Detailed section of the dissepiment underside revealing 
concentric growth structures.  
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Supplementary Figure 4-4: Formation of coenosteum rungs. Growth of horizontal rungs in the 
coenosteum framework may be a) unidirectional, b) bidirectional, or c) interlocking. 
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Supplementary Figure 4-5: Thickening of coenostial rungs into floors. Formation of the coenostial 
floor is not clearly defined, but may be related to distally directed RADs that project into the open 
grid space from other rungs and are thickened by a thin layer of shingle deposits. 
 
 
 
Supplementary Figure 4-6: X-radiograph of the Acropora colony live collected from the reef flat of 
Heron Reef with the geochemical subsampling track marked by the red box. Sr/Ca data collected 
from the base of the slab may be affected by the inclusion of branch material (shown to the left of 
the sample track in the x-ray image) within the collected subsamples. 
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Supplementary Figure 4-7: Skeletal structures of a) massive Porites and b) Acropora inter-branch 
skeleton. The grid-like network of coenostial pillars and rungs within Acropora inter-branch 
skeleton is similar to that observed in the coenosteum of massive Porites, albeit at a large scale and 
with increased spacing between corallites. 
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Chapter 5. CORYMBOSE ACROPORA PALEOCLIMATE 
CALIBRATION 
 
 [Paper 3] Acropora inter-branch skeleton—evaluation of a potential new high 
resolution paleothermometer. 
Paper 3 details the second stage of developing inter-branch skeleton of corymbose Acropora 
as a new paleoclimate archive; a calibration of geochemistry with instrumental water 
temperature records. Following high resolution sub-sampling of Acropora cores collected 
from the lagoon and fore-reef slope of Heron Reef, we identify high inter-colony variability 
in Sr/Ca ratios. This strong ‘vital effect’ prevents the use of Acropora inter-branch skeleton 
as an archive of absolute water temperature. However, normalising the Sr/Ca record to the 
mean of each colony allows the evaluation of the water temperature seasonal amplitude. 
Weighted least squares regression of these anomaly Sr/Ca ratios provides an equation that, 
once re-applied to the modern Sr/Ca data, successfully records the higher seasonal 
temperature range observed in Heron Lagoon compared to the fore-reef slope. Therefore, the 
inter-branch skeleton of corymbose Acropora still holds some potential use as a paleoclimate 
archive. 
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Acropora interbranch skeleton Sr/Ca ratios: Evaluation of a potential new high 
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 Key Points 
Seasonal cycles were observed in Sr/Ca ratios of Acropora inter-branch skeleton. 
No significant correlation was observed between linear extension and inter-branch Sr/Ca 
ratios.  
Acropora inter-branch skeleton Sr/Ca anomaly ratios can be effectively used to reconstruct 
changes in mean seawater temperature seasonality. 
 Abstract 
The majority of coral geochemistry-based paleoclimate reconstructions in the Indo-Pacific 
are conducted on selectively cored colonies of massive Porites. This restriction to a single 
genus may make it difficult to amass the required paleoclimate data for studies that require 
deep reef coring techniques. Acropora, however, is a highly abundant coral genus in both 
modern and fossil reef systems and displays potential as a novel climate archive. Here we 
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present a calibration study for Sr/Ca ratios recovered from inter-branch skeleton in 
corymbose Acropora colonies from Heron Reef, southern Great Barrier Reef. Significant 
inter-colony differences in absolute Sr/Ca ratios were normalised by producing anomaly plots 
of both coral geochemistry (normalised to the mean of each colony) and instrumental water 
temperature (normalised to the mean water temperature) records. Weighted linear regression 
of these anomalies from the lagoon and fore-reef slope provide a sensitivity of −0.05 
mmol/mol °C−1, with a correlation coefficient (r2 = 0.65) comparable to those of genera 
currently used in paleoclimate reconstructions. Reconstructions of lagoon and reef slope 
mean seasonality in water temperature accurately identify the greater seasonal amplitude 
observed in the lagoon of Heron Reef. A longer calibration period is, however, required for 
reliable reconstructions of annual mean water temperatures.  
 Index Terms 
0473 – Paleoclimatology and paleoceanography 
1065 – Major and trace element geochemistry 
1050 – Marine geochemistry 
4916 - Corals 
 Keywords 
Sr/Ca 
Acropora 
Inter-branch skeleton 
Great Barrier Reef 
Calibration study 
 Introduction 
Following the release of the Fourth and Fifth Assessment Reports of the Intergovernmental 
Panel on Climate Change (IPCC) the scarcity of paleoclimate data representing tropical 
marine environments and the southern hemisphere has become increasingly clear [e.g., IPCC, 
2007; Masson-Delmotte et al., 2013]. Of the available high resolution paleoclimate records, 
coral colonies are particularly useful because skeletal geochemistry can provide sub-annual 
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time series data on past water temperature [Bagnato et al., 2004; DeLong et al., 2013; Epstein 
et al., 1953; Gagan et al., 2012; Grottoli and Eakin, 2007; McCrea, 1950], salinity [Corrѐge, 
2006; Felis et al., 2009; Gagan et al., 1998; Hendy et al., 2002; Le Bec et al., 2000; Pretet et 
al., 2014; Wu et al., 2013], pH [Hemming and Hanson, 1992; Pelejero et al., 2005; Shinjo et 
al., 2013; Wei et al., 2009] and nutrient concentration [LaVigne et al., 2008; LaVigne et al., 
2010]. On a global scale, such proxy data can help unravel Earth’s natural climate variability 
and, therefore, improve computer model predictions of future climate. On a local ecological 
scale, such reconstructions can provide critical information on both the health and tolerance 
to specific environmental parameters of individual reef builders and ecosystems. Water 
temperature, for example, can induce coral bleaching [e.g., Berkelmans and Oliver, 1999; 
Donner et al., 2005; Glynn, 1996; Hoegh-Guldberg and Salvat, 1995] and influence the 
timing and success of coral spawning [e.g., Bassim et al., 2002; Keshavmurthy et al., 2014]. 
However, the interpretation of geochemistry-based paleotemperature records in the Indo-
Pacific has typically been restricted to data generated from massive Porites colonies, and thus 
coral-based paleoenvironmental reconstructions can be temporally and spatially limited due 
to the paucity of sample availability. 
Reef coring techniques, such as those employed by the International Ocean Discovery 
Program (IODP), allow access to coral paleoclimate archives underlying the living reef 
surface or present day seafloor [e.g., Asami et al., 2009; DeLong et al., 2010; Felis et al., 
2012; Hathorne et al., 2011]. However, the inconsistent occurrence of massive Porites 
colonies necessitates the use of additional genera for climate reconstructions. Developments 
in the use of alternate coral genera as paleoenvironmental indicators have seen recent 
advances [e.g., Bagnato et al., 2004; DeLong et al., 2011; DeLong et al., 2014; Felis et al., 
2014; Goodkin et al., 2008], including the potential use of inter-branch skeleton in Acropora 
[Sadler et al., 2015; Sadler et al., 2014], a highly abundant coral genus in many Indo-Pacific 
reef cores [Dechnik et al., 2015; Humblet et al., 2015; Marshall and Davies, 1982; Shirai et 
al., 2008] with significant volumes recovered in IODP Expeditions 310, Tahiti Sea Level 
[Camoin et al., 2007], and 325, Great Barrier Reef Environmental Changes [Webster et al., 
2011; Yokoyama et al., 2011]. Sadler et al. [2015] recently reported that the inter-branch 
skeleton of corymbose Acropora colonies (i.e., colonies with branches that initiate from a 
central location and extend to a common level [Wallace, 1999]) does not display the 
significant levels of secondary skeletal thickening typically associated with branches, which 
previously prevented the use of Acropora in high resolution geochemical climate 
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reconstructions [Gladfelter, 1982; Nothdurft and Webb, 2007; Shirai et al., 2008]. This 
simple skeletal structure, combined with the presence of annual density banding and seasonal 
oscillations in Sr/Ca ratios suggests high potential for inter-branch skeleton in Acropora to be 
used as a novel paleoclimate archive [Sadler et al., 2015], albeit over shorter timescales (~10 
years) than typically acquired from Porites cores (decades to centuries). We tested this 
hypothesis using live collected Acropora from Heron Reef, southern Great Barrier Reef 
(GBR). 
Heron Reef (23° 27’W), located within the Capricorn Group in the southern GBR, is 
approximately 9.8 km long and 70 km from mainland Australia [Jell and Webb, 2012]. A 
permanent monitoring station, Heron Island Research Station, was set up by the Great Barrier 
Reef Committee in 1951 [Hopley, 1984] with the Commonwealth Bureau of Meteorology 
recording weather and climate data since 1963 [Jell and Flood, 1978]. The significant 
number of in situ temperature recorders in place around the reef (Figure 5-1, Table 5-1) 
combined with abundant, inter-branch skeleton-rich corymbose Acropora colonies make 
Heron Reef an ideal location for testing the potential of Acropora inter-branch skeleton as a 
climate archive.  
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Figure 5-1: Heron Reef with coral sampling sites and associated in situ thermistors. a) Coral 
reef structures (defined by the reef shoal edge, data courtesy of the Great Barrier Reef Marine 
Park Authority) including the location of Heron Reef within the southern Great Barrier Reef. 
Triangles with circles represent the approximate location of offshore moorings. b) 
Approximate in situ thermistor locations around Heron Reef. Plus signs and crosses represent 
lagoon relay poles and sensor floats, respectively. Reef flat thermistors are marked by circles 
with plus signs. The reef slope thermistor represented by an open triangle with the CSIRO 
Wistari Channel mooring marked by an open circle. Coral colonies were collected at Coral 
Gardens, Harry’s Bommie and within Heron lagoon. 
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Table 5-1: Thermistor details in the vicinity of Heron Reef 
Location Site Name Sensor MSL Depth (m) 
Start Date  
(yyyy-mm-dd) 
End Date 
(yyyy-mm-dd) 
Offshore GBRHIS IMOS Heron Island South Mooring 
Seabird Electronics 
SBE39P 11.0 2007-09-13 2013-03-23 
Offshore GBRHIN IMOS Heron Island North Mooring 
Seabird Electronics 
SBE39P 11.0 2010-09-01 2013-03-16 
Offshore GBROTE IMOS One Tree East Mooring 
Seabird Electronics 
SBE39P 11.0 2012-09-24 2013-03-22 
Windward (Southern) 
Reef Slope Wistari Channel CSIRO/PMEL CO2MAP 
Seabird Electronics 
SBE16PlusV2 ~1 2009-10-09 2014-02-10 
Windward (Southern) 
Reef Slope Heron Slope Reef Slope Site 1 ReefNet Sensus Ultra 7.9 1995-11-24 2014-04-08 
Eastern Lagoon Heron Lagoon Relay Pole 1 
Measurement 
Engineering Australia 
ME2173 Thermistor 
1.7 2008-12-01 Cont. 
Eastern Lagoon Heron Lagoon Relay Pole 2 
Measurement 
Engineering Australia 
ME2173 Thermistor 
1.5 2008-12-01 Cont. 
Central Lagoon Heron Lagoon Relay Pole 3 
Measurement 
Engineering Australia 
ME2173 Thermistor 
2.0 2008-12-02 Cont. 
Central Lagoon Heron Lagoon Relay Pole 4 
Measurement 
Engineering Australia 
ME2173 Thermistor 
1.8 2008-12-02 Cont. 
Eastern Lagoon Heron Lagoon Sensor Float 2 ReefNet Sensus Ultra 0.3 2008-12-23 Cont. 
Leeward (Northern) 
Reef Flat Heron Reef Flat Reef Flat 1 ReefNet Sensus Ultra 1 1995-11-24 2012-03-19 
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 Methods 
5.15.1 Heron Reef water temperature data 
In situ water temperature data representing the offshore, reef slope and lagoon oceanographic 
environments of Heron Reef are collected by the Australian Institute of Marine Science (AIMS) as 
part of the Integrated Marine Observing System (IMOS) and Great Barrier Reef Ocean Observing 
System (GBROOS) networks (Figure 5-1). Individual sensor records are temporally limited (Table 
5-1), requiring a combination of data from the various measuring sites to be used for environmental 
characterisation. Level 1 (rule based quality controlled) water temperature data from the vicinity of 
Heron Reef (Table 5-1) were acquired from the AIMS data centre [IMOS, 2014].  
Heron Reef lagoon is well characterized by thermistors attached to sensor floats (ReefNet Sensus 
Ultra, accuracy ±0.8 °C, resolution 0.01 °C, 0.3 m deep) and relay poles (Measurement Engineering 
Australia Thermistor String – MEA2173, accuracy ±0.02 °C, resolution 0.006 °C, ~2 m deep). 
Additional ReefNet Sensus Ultra thermistors had also been deployed around the reef flat; however, 
these records are intermittent. The windward (southern) reef slope environment is also characterized 
by an IMOS deployed ReefNet Sensus Ultra thermistor located at approximately 7.9 m depth, with 
an additional surface deployed Seabird Electronics SBE16PlusV2 (accuracy ±0.005 °C, resolution 
0.0001 °C, ~1 m deep) as part of the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO)/Pacific Marine Environmental Laboratory (PMEL) Moored Autonomous 
pCO2 (MAPCO2) project in the Wistari Channel [Tilbrook et al., 2015]. These high-resolution 
instrumental temperature records were temporally averaged to provide monthly resolved water 
temperature datasets representing the lagoon (Relay Poles 1–4) and reef slope (MAPCO2 system) 
environments. 
Large scale (0.5-degree gridded) water temperature data are also collected over Heron Reef by the 
Advanced Very High Resolution Radiometer (AVHRR) carried on the National Oceanic and 
Atmospheric Administration (NOAA) Polar-orbiting Operational Environmental Satellites (POES) 
as part of the Coral Reef Watch (CRW) operation [NOAA, Coral Reef Watch 2000]. However, due 
to differences in satellite and instrumental water temperature datasets (i.e., a tendency for satellite 
data to indicate warmer water temperatures during both summer and winter temperature extremes; 
Figure 5-2) only the in situ temperature data were used for calibration purposes. 
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Figure 5-2: Comparison of monthly satellite SST data (dashed line) and in situ water temperature 
(solid line) as measured by the CSIRO MAPCO2 mooring in Wistari Channel. Despite the relative 
agreement between datasets, satellite data indicate warmer water temperatures during the seasonal 
extremes. 
5.15.2 Coral sampling and screening for diagenesis 
A total of twelve corymbose Acropora colonies with abundant inter-branch skeleton were collected 
with a pneumatic drill on SCUBA from the lagoon (6 colonies, depths less than 2.5 m below 
ponding level) and windward slope (6 colonies, depths less than 12 m below the lowest 
astronomical tide) of Heron Reef in February 2014. Tissue thickness within the inter-branch 
skeleton was recorded for each sample, with values ranging from 2–6 mm. Six core samples (five 
Acropora humilis cores and one Acropora samoensis core) contained significant inter-branch 
skeleton extending to the colony surface, and thus were used to represent the lagoon and reef slope 
environments (three cores from each environment, Table 5-2).  
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Table 5-2: Coral annual growth rates as determined by linear extension, mean annual Sr/Ca and mean annual water temperature. Annual mean Sr/Ca 
(mmol/mol) = −0.018	ൈ	annual linear extension (mm/year) ൅ 9.803. r2 = 0.14. Annual linear extension (mm/year) = 1.147 ൈ Temperature (°C) 
െ19.86. r2 = 0.02. 
Sample Species Collection site Tissue thickness (mm) Year 
Annual Growth Rate 
(mm/year) 
Mean Sr/Ca 
(mmol/mol) 
Mean SST 
(°C) 
AR HL 3 A. humilis Lagoon Site (<2 m deep) 2 
2013 9.2 9.68 24.11 
2012 5.6 9.70 23.97 
2011 9.0 9.70 23.67 
2010 11.7 9.61 24.26 
AR HL 4 A. humilis Lagoon Site (<2 m deep) 4 
2012 8.8 9.57 23.97 
2011 9.2 9.54 23.67 
2010 6.2 9.57 24.26 
2009 8.8 9.54 24.26 
AR HL 6 A. humilis Lagoon Site (<2 m deep) 2 
2012 8.2 9.72 23.97 
2011 5.8 9.90 23.67 
2010 9.2 9.74 24.26 
2009 10.8 9.69 24.26 
AR HS 3 A. samoensis Coral Gardens (<7.9 m deep) 6 
2012 9.3 9.54 24.11 
2011 6.0 9.60 23.94 
2010 9.0 9.56 24.49 
AR HS 5 A. humilis Harry’s Bommie (<5.3 m deep) 4 
2011 6.0 9.75 23.94 
2010 5.5 9.75 24.49 
AR HS 6 A. humilis Harry’s Bommie (<10 m deep) 3 
2013 5.6 9.59 24.25 
2012 6.0 9.67 24.11 
2011 5.4 9.77 23.94 
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Core samples, imaged by computed tomography (CT) and analysed using OsiriX© software to 
identify the major growth axis, were sectioned into appropriately oriented 5 mm thick slabs using a 
diamond saw. Slabs were cleaned for 48 hours in 15% hydrogen peroxide (H2O2) at room 
temperature and X-rayed (50 kV, 100 mA, 0.025 s) to reveal density banding patterns (Figure 5-3). 
Coral cores were screened for diagenetic alteration with a Hitachi TM3000 Scanning Electron 
Microscope (SEM) with energy dispersive spectroscopy (EDS) at the School of Earth, Environment 
and Biological Sciences, Queensland University of Technology (QUT). Skeletal sub-sampling for 
geochemical analysis was conducted approximately every 0.33 mm along a pre-drilled trench using 
1 mm diamond coated drill bits attached to a Dremel® rotary tool fitted with a Flex-Shaft 
attachment. Sr/Ca elemental ratios were measured using a Thermo X Series II Inductively Coupled 
Plasma-Mass Spectrometer (ICP-MS) at the Radiogenic Isotope Facility, The University of 
Queensland, following a procedure modified from Nguyen et al. [2013]. Approximately 0.2 mg of 
aragonite powder subsamples were dissolved in 10 ml solution of 2%, double teflon-distilled Nitric 
Acid (HNO3) spiked with an 18 ppb Scandium (Sc) 14 ppb Vanadium (V), 7 ppb Indium (In) and 1 
ppb Bismuth (Bi) internal standard solution. An internal drift correction (correcting for variability in 
plasma ionisation efficiency and sample introduction) was applied based on the signals of the 
internal standard solution. Additionally, an external correction (for any remaining drift and data 
calibration) was applied using a coral monitoring solution containing the JCp-1 international 
reference material. Additional samples of JCp-1 provided a mean Sr/Ca value of 8.82 mmol/mol, 
which is within analytical error of the values reported by Hathorne et al. [2013]. ICP-MS long term 
reproducibility determined through the repeated measurement of JCp-1 was calculated at 0.36 % 
RSD – relative standard deviation. Due to the high sampling resolution (~0.33 mm), the resulting 
Sr/Ca ratios were smoothed with a four-point running mean prior to regression against water 
temperature. 
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Figure 5-3: Acropora X-rays with red boxes indicating subsampling paths. Top row images, lagoon 
cores a) AR HL 3, b) AR HL 4, c) AR HL 6. Bottom row images, slope cores d) AR HS 3, e) AR 
HS 5, f) AR HS 6. Note that only the geochemical data with corresponding instrumental 
temperature records are presented. 
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5.15.3 Construction of age model 
Sampling distance down the slab was converted into a temporal axis through the generation of coral 
specific age models. Maxima and minima in Sr/Ca were matched to the monthly averaged in situ 
seasonal extremes in water temperature of the corresponding environments (lagoon and reef slope) 
at Heron Reef. Periods of maximum and minimum water temperature were not fixed to specific 
months based on the site climatology, but were allowed to vary with each year as observed in the 
instrumental record. Linear interpolation was then applied to the remaining data points using 
Matlab© to provide monthly resolved geochemical data. Geochemical values at the maximum and 
minimum Sr/Ca anchor points were not altered by this age model interpolation. Peaks and troughs 
in the unsmoothed Sr/Ca data were used to determine linear extension rates of inter-branch skeleton 
(Table 5-2). 
5.15.4 Calibration of geochemical signals 
Due to the presence of intrinsic errors in the instrumental determination of both water temperature 
and coral geochemistry, the weighted least squares regression technique of York et al. [2004] was 
used to provide a Sr/Ca–water temperature relationship [e.g., DeLong et al., 2007]. This technique 
removes variations based on the choice of dependent and independent variables associated with an 
ordinary least squares regression and accounts for differences in thermistor accuracy between the 
lagoon and slope environments. High variability in absolute Sr/Ca was observed between the 
Acropora cores (Supplementary Figure 5-1). Therefore, data analysis was conducted on the Sr/Ca 
and water temperature anomaly datasets (i.e., individual means were removed from each record).  
Monthly resolved Sr/Ca anomalies were regressed against the corresponding seasonal anomalies of 
in situ derived water temperature data using Matlab© [Thirumalai et al., 2011] to provide transfer 
equations for seasonal water temperature reconstruction. Two variations of this technique were 
used: a full combination of all coral Sr/Ca ratios and all in situ thermistor data providing the widest 
range of temperatures, and an environmental specific calibration between the combined lagoon 
(slope) coral Sr/Ca ratios and the lagoon (slope) water temperature record. Weights were assigned 
the accuracy of thermistors [SBEv16plus V2 (±0.005 °C), Measurement Engineering Australia 
thermistor strings (±0.02 °C)] and ICP-MS long-term reproducibility of Sr/Ca in the JCp-1 coral 
standard (0.36 % RSD). A similar regression was also conducted using annual means (February-
January, matching the average instrumental cycle of water temperature with maximum temperatures 
in February) of Sr/Ca and water temperature, appropriate for temperature reconstructions over 
decadal and centennial timescales [e.g., DeLong et al., 2010; Felis et al., 2014; Gagan et al., 2012].   
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 Results  
5.16.1 Water temperatures around Heron Reef.  
Comparison of relay pole thermistor data between sites with long-term and relatively consistent 
monitoring within Heron lagoon (Figure 5-1, Table 5-1) reveals relatively low spatial variability in 
water temperature, with the greatest mean difference of 0.17 °C observed between Relay Poles 3 
and 4. Comparison of the centrally located Sensor Float 2 with the long term records of Relay Poles 
1 and 4 (< 2 km away) also suggests that the vertical temperature profile of Heron lagoon remains 
relatively well mixed throughout the year (Supplementary Figure 5-2), with vertical temperature 
differences in the water column similar to horizontal heterogeneity within the lagoon. The averaged 
(Relay Poles 1, 2, 3 and 4) monthly resolved lagoon water temperature dataset indicates a mean 
lagoon water temperature of 23.91 °C and an average seasonal range of 6.40 °C (Table 5-3). 
Table 5-3: In situ water temperature data from the lagoon and slope of Heron Reef. 
 Lagoon Reef Slope 
Start Date 5th December 2008 16th October 2009 
End Date 23rd May 2014 7th February 2014 
Mean Temperature (°C) 23.91 24.20 
Mean Summer Temperature (°C) 27.11 27.11 
Mean Winter Temperature (°C) 20.71 21.29 
Mean Seasonal Range (°C) 6.40 5.82 
 
Multi-year water temperature data outside of Heron Reef are available from the IMOS Reef Slope 1 
and CSIRO/PMEL MAPCO2 sensors located on the reef slope. Moorings from the Great Barrier 
Reef Mooring Array provide further temperature data, albeit over shorter intervals, representing the 
shelf break (GBROTE) and outer shelf waters (GBRHIS and GBRHIN) (Figure 5-1). These datasets 
correlate well with those from the reef slope (Supplementary Figure 5-3) allowing the high 
accuracy, continuous, MAPCO2 record in close proximity to the sampling region to provide water 
temperature data representative of the wider marine environment. Monthly resolved mean water 
temperature of the reef slope was 24.20 °C, with a lower seasonal range in temperature of 5.82 °C 
(Table 5-3). 
5.16.2 Diagenetic screening 
Selected Acropora samples were examined using SEM for both syntaxial aragonite cement, which 
may contain increased strontium relative to the coral skeleton [e.g., Enmar et al., 2000; Sadler et 
al., 2014] and high- and low-Mg calcite (HMC and LMC, respectively) in cements or microbial 
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crusts, which have low strontium concentrations relative to coral skeleton [Nothdurft and Webb, 
2009]. Minor secondary aragonite cements were observed at various locations in the coral slabs, 
with no significant presence of HMC microbial crusts, neomorphic LMC or LMC-filled borings as 
identified by Nothdurft et al. [2007]. 
5.16.3 Geochemical signals and coral growth 
Anomaly plots of Sr/Ca ratios in Acropora inter-branch skeleton display clear seasonal cyclicity 
(Figure 5-4), albeit over a temporally forced x-axis, with smoother cycles observed in the colonies 
collected from the reef slope. However, peaks and troughs within a single colony were variable 
through-out the time series records of the three lagoon cores and slope colony AR HS 6 (Figure 
5-4). Inter-colony variability of Sr/Ca was also high. Lagoon A. humilis colonies AR HL 4 and AR 
HL 6 display a 0.19 mmol/mol offset in Sr/Ca anomaly during February 2011. Inter-species 
differences in Sr/Ca ratios are complex, with a ~0.2 mmol/mol mean offset of absolute Sr/Ca 
between cores AR HS 3 (A. samoensis) and AR HS 5 (A. humilis) (Supplementary Figure 5-1). This 
species based difference is, however, complicated by A. humilis colony AR HS 6, which displays 
similar trends to AR HS 3 (A. samoensis) prior to February 2013, but then shifts closer towards AR 
HS 5 (A. humilis) Sr/Ca ratios (Supplementary Figure 5-1). Following normalisation of inter-colony 
mean differences, colonies AR HS 3 and AR HS 5 clearly indicate very similar Sr/Ca seasonality 
(Figure 5-4).  
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Figure 5-4: Sr/Ca ratio anomaly plots for a) lagoon and b) slope Acropora colonies at Heron Reef. 
Note reversal of y axis to relate plots to water temperature anomaly. 
 
Weighted least squares regressions between seasonal anomalies in Acropora Sr/Ca and instrumental 
water temperature measurements from the lagoon, reef slope (referred to as ‘Environment Specific’ 
regressions), and a combined record (referred to as ‘Combined Regression’) (Supplementary Figure 
5-4) are summarised in Table 5-4 and Table 5-5. High inter-colony variability in inter-branch 
skeleton is effectively removed by subtracting the mean from each colony, resulting in the relatively 
high r2 values (0.63–0.73) for each anomaly regression. Application of the in situ water temperature 
anomaly based regression equations back to the coral geochemical data provides an accurate 
temperature anomaly for slope colonies AR HS 3 and AR HS 5, with reconstruction errors (defined 
as Sr/Ca-based reconstruction minus instrumental temperature data) of ≤ 2.1 °C (Figure 5-5, Table 
5-6). Slope colony AR HS 6 contains larger reconstruction errors (≤ 3.2 °C), with both an over- and 
underestimation of water temperature anomaly through the sampled history. Lagoon cores displayed 
a higher variability in Sr/Ca values than those of the slope (Figure 5-4, Supplementary Figure 5-1), 
and this results in water temperature anomaly reconstructions with larger errors of ≤ 5.2 °C. 
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Table 5-4: Weighted least square regression of SST and Acropora Sr/Ca anomalies. Equation on the 
order of SST anomaly (°C) = Slope(±Slope Error) ൈ Sr/Ca anomaly (mmol/mol). Water 
temperature dataset sources as detailed in the text. 
Environment Slope Slope Error r2 
Lagoon −19.775 0.0497 0.63 
Slope −24.074 0.1072 0.73 
Combined −20.989 0.0460 0.65 
 
Table 5-5: Weighted least square regression of SST and Acropora Sr/Ca anomalies. Equation on the 
order of Sr/Ca anomaly (mmol/mol) = Slope(±Slope Error) ൈ SST anomaly (°C). Water 
temperature dataset sources as detailed in the text. 
Environment Slope Slope Error r2 
Lagoon −0.051 0.0001 0.63 
Slope −0.042 0.0002 0.73 
Combined −0.048 0.0001 0.65 
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Figure 5-5: Acropora-based water temperature anomaly reconstructions. Reconstructions based off 
both the combined WLS regression (slope and lagoon data, dashed blue line with crosses) and the 
environment specific relationships (slope or lagoon data, solid red line with squares) provide a close 
approximation of in situ water temperature (solid black line, no markers). 
 
Regression analysis for mean annual temperature reconstructions, however, resulted in low r2 values 
for the lagoon (0.11), slope (0.06) and combined (0.09) datasets (p < 0.001 for all regressions), 
suggesting a poor fit of the data to the weighted least squares regression equation. 
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Table 5-6: Comparisons of instrumental water temperature anomaly and Acropora inter-branch 
skeleton Sr/Ca-based anomaly reconstruction. Regression errors are defined as proxy reconstruction 
minus instrumental temperature. 
Coral 
Maximum 
Combined 
Regression Error 
(°C) 
Maximum 
Environment 
Specific Error 
(°C) 
Combined 
Regression 
Seasonality (°C) 
Environment 
Specific Seasonality 
(°C) 
AR HL 3 3.6 3.5 4.7 4.5 
AR HL 4 3.3 3.2 8.8 8.3 
AR HL 6 5.2 5.0 9.4 8.8 
AR HS 3 1.9 2.1 5.6 6.5 
AR HS 5 1.2 0.9 4.3 4.9 
AR HS 6 2.7 3.2 6.2 7.1 
 
Reconstructions of the seasonal amplitude in water temperature display variations within each 
colony (Table 5-6), however, averaging across colonies collected from the same environmental 
region provides a close match to instrumental data (Table 5-7). Despite high variability in lagoonal 
Acropora Sr/Ca ratios (Figure 5-4, Supplementary Figure 5-1), mean reconstructions of seasonal 
amplitude successfully document the 0.6 °C difference between instrumental records of the lagoon 
and reef slope (Table 5-7). 
 
Table 5-7: Acropora Sr/Ca based water temperature seasonality reconstructions. Geochemical 
proxies provide an accurate indication of mean water temperature seasonality, with an accuracy of ≤ 
1.2 °C and ≤ 0.4 °C for the lagoon and slope respectively. 
Environment 
Mean Combined 
Reconstructed 
Seasonality (°C) 
Mean Environmental 
Specific Reconstructed 
Seasonality (°C) 
Instrumental 
Seasonality (°C) 
Lagoon 7.6 7.2 6.4 
Slope 5.4 6.1 5.8 
 
Annual linear extension (summer to summer) of inter-branch skeleton, as determined by peaks and 
troughs in Sr/Ca ratios, varied between 5.4 and 11.7 mm/year. No significant correlation was found 
to exist between annual linear extension and annual mean absolute Sr/Ca, nor between annual linear 
extension and water temperature (r2 = 0.14 and 0.02 respectively, Table 5-2). 
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 Discussion 
A relatively simple skeletal structure and seasonal cyclicity in Sr/Ca provided an early suggestion 
that Acropora inter-branch skeleton may act as a new and highly abundant archive of paleowater 
temperature data [Sadler et al., 2015]. Further geochemical assessment of six modern colonies from 
the lagoon and fore-reef slope at Heron Reef reveals that inter-colony variability in Acropora inter-
branch skeleton Sr/Ca ratios is high (Supplementary Figure 5-1). Such differences have been 
previously documented in corals [e.g., Felis et al., 2014; Goodkin et al., 2007; Saenger et al., 2008; 
Smith et al., 2006], including species of massive Porites commonly used for palaeoclimate 
reconstruction [Felis et al., 2003; Felis et al., 2009; Felis et al., 2012; Grove et al., 2013; Linsley et 
al., 2004; Pfeiffer et al., 2009]. These inter-colony offsets can, however, be eliminated by 
subtracting the mean from each individual record, generating anomaly plots of both coral Sr/Ca and 
instrumental water temperature (Figure 5-4). This normalization step also appears to eliminate inter-
species differences between A. humilis and A. samoensis in the present data, a feature particularly 
useful for reef core based reconstructions where species level identification may not be achievable. 
An enhanced dataset containing a larger number of Acropora species and samples per species 
would be required to fully confirm this early observation. 
5.17.1 Controls on Acropora inter-branch Sr/Ca ratios 
Large inter-colony variations in Sr/Ca values suggest that alternate factors affect strontium 
incorporation within Acropora inter-branch skeleton, aside from ambient water temperature. 
Alterations of geochemical proxies away from a pure temperature control at thermodynamic 
equilibrium (termed ‘vital effects’ by Urey et al. [1951]) are common in paleoclimate 
reconstructions from biological carbonates [e.g., Cahyarini et al., 2009; de Villiers et al., 1994; 
Deng et al., 2014; Grove et al., 2013; Juillet-Leclerc et al., 2009; Montaggioni and Braithwaite, 
2009; Montagna, 2011; Rollion-Bard et al., 2003; Saenger et al., 2008] and can be attributed to a 
wide range of biologically mediated variables. 
Variations in colony growth rate can disrupt geochemical paleotemperature signals [de Villiers et 
al., 1994; Kuffner et al., 2012], with standard sampling recommendations requiring a minimum 
growth rate of at least ~5 mm/year to reduce kinetic effects on coral geochemical proxies [Felis et 
al., 2003; McConnaughey, 1989]. The inclusion of a growth factor into the coral Sr/Ca–water 
temperature regression has also been shown to increase the fit of Sr/Ca ratios against local 
instrumental water temperature records in Diploria labyrinthiformis [Goodkin et al., 2007] and 
Montastrea (M. faveolata and M. franski) [Saenger et al., 2008]. Linear extension rates of Acropora 
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inter-branch skeleton in this study ranged between 5.4 and 11.7 mm/year, but no significant 
correlation was observed between mean annual linear extension and mean coral Sr/Ca, suggesting 
that growth rate was not a major control on the final Sr/Ca ratio (Table 5-2). This result is consistent 
with Porites incubation experiments conducted by Inoue et al. [2007], but contrasts with the 
conclusions of de Villiers et al. [1994] who suggested that reduced Porites extension rates increased 
Sr/Ca ratios. Tissue thickness, and associated bio-smoothing implications [Barnes and Lough, 
1993; Gagan et al., 2012; Nothdurft and Webb, 2007; Sadler et al., 2014], do not appear to have a 
significant control on inter-branch Sr/Ca ratios. Corals AR HL 3 and AR HL 6 both contained an 
average tissue thickness of 2 mm (Table 5-2) and yet display large differences in absolute Sr/Ca 
signals Supplementary Figure 5-1a). The lack of thickening ‘shingle’ deposits documented in the 
inter-branch skeletal microstructure [Sadler et al., 2015] supports this conclusion of a weak bio-
smoothing influence on skeletal geochemistry.  
The exact cause of high inter-colony variability in Acropora inter-branch skeleton Sr/Ca ratios 
remains undetermined. Previous incubation experiments involving Acropora sp. branches by 
Reynaud et al. [2007] suggested that light intensity, and calcification rate variations induced by 
light intensity, do not exert a strong control on skeletal Sr/Ca, although this concept was challenged 
in recent Acropora incubation experiments by Juillet-Leclerc et al. [2014]. Intermittent growth 
patterns of inter-branch skeleton may, however, provide some explanation for the weak correlation 
between absolute coral Sr/Ca and instrumental water temperature if there were significant hiatus’ in 
growth. A correction factor for general calcification rate (c.f. linear extension as detailed above, and 
calcification rate change induced by variations in light intensity [Reynaud et al., 2007]) may also 
improve the fit of the absolute Sr/Ca–water temperature regression. 
Additional considerations in determining controls on the inter-branch Sr/Ca ratio signals include the 
milling process and track chosen for geochemical subsampling. Optimal sampling paths in cores of 
massive Porites can be determined by the orientation of the corallites, with sub-sampling 
recommended to be parallel along the corallite growth direction [e.g., DeLong et al., 2013]. 
Acropora inter-branch skeleton, however, consists of a topographically complex, relatively open 
framework of pillars and rungs [Sadler et al., 2015] that can easily fragment during the milling 
process. These structural characteristics provide a weaker guide for optimal sub-sampling tracks 
and may somewhat reduce subsampling accuracy. Sub-samples for geochemical analyses are likely 
to contain varying proportions of inter-branch pillars and rungs to inter-branch corallites, which 
may distort the Sr/Ca ratio signal. 
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5.17.2 Seasonal and annual calibrations of inter-branch Sr/Ca and water temperature 
Weighted least squares regressions of monthly anomaly data provides a calibration suitable for the 
reconstruction of seasonal water temperature amplitude from fossil Acropora cores. Correlation 
coefficients of the regression are highest from the reef slope colonies (r2 = 0.73) (Table 5-4 and 
Table 5-5), which is likely related to the smoother Sr/Ca cycles and shorter records when compared 
to the lagoon samples (Figure 5-4, Supplementary Figure 5-1). However, combining the lagoon and 
slope coral records into a single regression equation, as per Goodkin et al. [2007] and Pfeiffer et al. 
[2009], maintains a relatively high fit (r2 = 0.65). These correlations are comparable to the lower 
end values obtained for massive Porites (r2 = 0.80–0.99, [Gagan et al., 1998], r2 = 0.71–0.82 
[Grove et al., 2013], r2 = 0.69 [Felis et al., 2012]), Acropora palmata branches (r2 = 0.62–0.79 
[Gallup et al., 2006]) and Diploria labyrinthiformis (r2 = 0.73–0.86 [Goodkin et al., 2007]) and are 
greater than those published for Diploria strigosa (r2 = 0.52 [Giry et al., 2012], r2 = 0.45 [Hetzinger 
et al., 2006]). 
Further support for the use of Acropora inter-branch skeleton Sr/Ca ratios for paleoclimate 
reconstruction lies in the reconstructions of water temperature seasonal amplitude in the lagoon and 
fore-reef slope of Heron Reef (Table 5-6 and Table 5-7). Variations in reconstructed seasonal 
amplitude exist between colonies (Table 5-6), however, combining the corals from each 
environment as per Pfeiffer et al. [2009] (Table 5-7) clearly reveals the larger seasonal temperature 
amplitude of the lagoon compared to the reef slope. Higher ‘noise’ in the lagoon Sr/Ca records 
results in the lower accuracy of seasonal amplitude (as much as 1.2 °C), yet the seasonal 
reconstructions for the smoother Sr/Ca profiles of the slope colonies are within 0.4 °C of the 
instrumental record. 
Similar regression analysis using annual mean values of Acropora Sr/Ca and water temperature 
resulted in very low r2 values (r2 ≤ 0.11) for all three regression scenarios. This result is not entirely 
unexpected, due to the high inter-colony variability observed in absolute Sr/Ca ratios 
(Supplementary Figure 5-1) that cannot be normalized in this analysis. Additional analyses over a 
longer time series, containing a larger range in annual mean water temperature, may be able to 
further refine the bulk annual Sr/Ca-water temperature calibration. We currently recommend that 
the application of Acropora inter-branch skeleton Sr/Ca ratios to paleoclimate studies be confined 
to reconstructions of the seasonal amplitude in water temperature. Absolute temperature 
reconstructions may contain significant temperature errors that can be larger than 5 °C 
(Supplementary Figure 5-5, Supplementary Table 5-1 and Supplementary Table 5-2) and thus 
should be interpreted with caution relative to the time intervals studied. 
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 Conclusion 
Corymbose Acropora are highly abundant corals and comprises a significant proportion of reef 
composition in both modern and fossil reef systems of the Indo-Pacific. Acropora inter-branch 
skeletal deposits contain seasonal cycles in Sr/Ca ratios with a minimal influence from ‘bio-
smoothing’ and linear extension rate. Analyses of Sr/Ca ratios in colonies collected from the lagoon 
and fore-reef slope of Heron Reef, southern GBR, suggest a high correlation of seasonal Sr/Ca 
variations to local instrumental records. Coefficients of determination for the weighted least squares 
regression between seasonal anomaly datasets (r2 = 0.63–0.73) are comparable to those of alternate 
coral genera currently used for climate reconstruction (e.g., Porites, Montastrea and Diploria), 
suggesting that Acropora contains a high potential as a new paleoclimate archive.  
Mean seasonality for the lagoon and reef slope of Heron Reef can be reconstructed to within 1.2 °C 
and 0.4 °C of the instrumental record, respectively, and inter-branch Sr/Ca ratios successfully 
documented the larger seasonal temperature amplitude observed in the lagoon instrumental dataset. 
However, the application of paleothermometry should currently be limited to the reconstruction of 
mean seasonality, as regression between annual mean Sr/Ca and water temperature did not provide 
a significant relationship (r2 = ≤ 0.11). This limitation is attributed to the large inter-colony 
differences in absolute Sr/Ca ratios induced by unidentified ‘vital effects’ commonly exhibited in 
biological carbonate precipitation. Additional studies with a greater sample size and longer 
associated in situ temperature record may be able to further refine this relationship. 
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 Supplementary Material 
 
 
Supplementary Figure 5-1: Sr/Ca ratios of Acropora inter-branch skeleton collected from the a) 
lagoon and b) southern slope of Heron Reef. Note the high levels of intra- and inter-colony 
variability in inter-branch skeleton Sr/Ca from both the lagoon and reef slope. 
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Supplementary Figure 5-2: Water temperature records from Heron lagoon. Low degree of variation 
between sensors, as indicated by significant data overlap, suggests a well-mixed lagoon water 
column. 
 
 
 
Supplementary Figure 5-3: Water temperature at Heron Reef. Similarity in values between sensors 
suggests that the MAPCO2 system in the Wistari Channel provides accurate, high resolution data 
that are representative of the larger scale oceanographic conditions around Heron Reef. 
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Supplementary Figure 5-4: Combined (i.e. lagoon and slope colonies) Acropora Sr/Ca anomaly and 
water temperature anomaly weighted linear regression (n = 261). Weights are smaller than the data 
point symbol size, thus are not shown. 
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Supplementary Figure 5-5: Acropora based water temperature reconstructions. Reconstructions 
based off both the combined WLS regression (slope and lagoon data, solid purple line) and the 
environment specific relationships (slope or lagoon data, dotted red line) display a poor match to in 
situ water temperature (dashed black line). Regression details used are documented in 
Supplementary Table 5-1 and Supplementary Table 5-2. 
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Supplementary Table 5-1: Weighted least square regression of SST and Acropora Sr/Ca (absolute). 
Equation on the order of SST(°C) = Slope(±Slope Error) ൈ Sr/Ca(mmol/mol) + Intercept(±Intercept 
Error). Water temperature dataset sources as detailed in the text. 
Environment Slope Slope Error Intercept Intercept Error r2 
Lagoon −19.119 0.0522 208.765 0.5044 0.47 
Slope −24.165 0.1078 257.462 1.0400 0.48 
Combined −20.784 0.0484 224.849 0.4679 0.47 
 
Supplementary Table 5-2: Weighted least square regression of SST and Acropora Sr/Ca (absolute). 
Equation on the order of Sr/Ca(mmol/mol) = Slope(±Slope Error) ൈ SST(°C) + Intercept(±Intercept 
Error). Water temperature dataset sources as detailed in the text. 
Environment Slope Slope Error Intercept Intercept Error r2 
Lagoon −0.052 0.0001 10.920 0.0034 0.47 
Slope −0.041 0.0002 10.654 0.0045 0.48 
Combined −0.046 0.0031 10.773 0.0738 0.47 
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Chapter 6. PORITES PALEOCLIMATE CALIBRATION AND MID-
HOLOCENE WATER TEMPERATURE RECONSTRUCTIONS 
(ACROPORA AND PORITES) 
 
 [Paper 4] Reef core insights into mid-Holocene water temperatures of the southern 
Great Barrier Reef. 
Following on from attempts to develop Acropora as a paleoclimate archive, Paper 4 provides 
an application of site specific paleothermometry transfer equations to fossil material 
recovered from Heron Reef. We present a local calibration of Heron Reef modern Porites 
Sr/Ca ratios against the local reef slope instrumental water temperature record. This equation 
is then applied to sub-fossil mid-Holocene Porites material recovered from reef coring along 
the windward reef flat of Heron Reef. The reconstructions suggest a similar relative 
temperature response across the tropical and subtropical western Pacific to internal and 
external climate forcings during the mid-Holocene. Porites-based reconstructions also 
indicate an earlier expression of the Holocene Thermal Maximum in the Great Barrier Reef 
than previously suggested, similar to that documented further north in Papua New Guinea and 
Indonesia. A mid-Holocene Acropora colony was also analysed for Sr/Ca, however, the 
associated errors placed the reconstructed seasonal amplitude of water temperature within 
error of modern day conditions. 
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 Abstract 
The tropical and sub-tropical oceans of the southern hemisphere are poorly represented in 
present day climate models, necessitating an increased number of paleoclimate records from 
this key region to understand both the Earth’s climate system and help constrain model 
simulations. Here we present a site specific calibration of live collected massive Porites 
Sr/Ca records against concomitant in situ instrumental water temperature data from the fore-
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reef slope of Heron Reef, southern Great Barrier Reef (GBR). The resultant calibration, and a 
previously published Acropora calibration from the same site, were applied to sub-fossil 
coral material to investigate Holocene water temperatures at Heron Reef. U-Th dated samples 
of corymbose Acropora and massive Porites recovered by rotary coring through the reef flat 
suggest cooler water temperatures with reduced seasonal amplitude at ~5.2 ka (2.76–1.31 °C 
cooler than present) and ~7 ka (1.26 °C cooler than present) at Heron Reef. These results 
contrast the previous suggestion of a mid-Holocene Thermal Maximum in the central GBR 
around 5.35 ka and 4.48 ka, yet may be explained by differences in temperature of the 
previously sampled shallow ponded reef flat (central GBR) and the deeper reef slope (this 
study) waters and potential large reservoir correction errors associated with early radiocarbon 
dated samples. Combining coral-based water temperature anomaly reconstructions from the 
tropical and subtropical western Pacific indicates a coherent temperature response across the 
meridional gradient from Indonesia and Papua New Guinea down to the southern GBR. This 
similarity in reconstructed temperature anomalies suggests a high probability of an earlier 
expression of a mid-Holocene Thermal Maximum on the GBR between ~6.8 and 6.0 ka. 
 Introduction 
The Fourth and Fifth Assessment Reports of the Intergovernmental Panel on Climate Change 
(IPCC) specifically identified large uncertainties in climate records and models brought about 
by the scarcity of paleoclimate data representing marine environments of the tropics and 
southern hemisphere [IPCC, 2007; Masson-Delmotte et al., 2013]. Coral skeletons provide 
important archives of previous environmental conditions from these key regions, with Indo-
Pacific reconstructions predominantly derived from massive colonies of the genus Porites 
[e.g., Abram et al., 2009; Alibert and Kinsley, 2008; Allison et al., 2005; Cobb et al., 2013; 
DeLong et al., 2010]. The preference for discretely targeting individual massive Porites 
colonies on the seafloor allows core collection along the vertical axis (assumed to be the 
major growth axis), but may limit paleoclimate records to the last several centuries. In 
comparison, reef coring techniques lack the ability to specifically target the vertical growth 
axis of a particular Porites colony; yet are capable of retrieving significant numbers of coral 
colonies through the Holocene, deglacial and even past interglacial highstands. Despite the 
potential for sub-optimum orientation, the temporal coverage provided by reef cores is 
potentially very large, and subtidal Holocene samples have not been exposed to meteoric 
diagenesis. Whilst reef cores have provided insights into sea level, reef growth, 
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geomorphology and evolution [e.g., Dechnik et al., 2015; Ladd and Schlanger, 1960; Ladd et 
al., 1970; Lincoln and Schlanger, 1987; Marshall and Davies, 1982; Montaggioni, 2005; 
Webb et al., 2016], reef coring techniques remain relatively underutilized in terms of coral 
geochemistry-based environmental reconstructions for the Holocene. However, coring of 
submerged reefs, such as Integrated Ocean Drilling Program legs 310 and 325, have provided 
Holocene and deglacial corals for paleoclimate studies [Asami et al., 2009; Felis et al., 2012; 
Felis et al., 2014; Inoue et al., 2010] and deeper coring from reef flats, as documented here, 
may also provide appropriate corals for analysis.  
Heron Reef, a 9.5 km long lagoonal platform reef in the Capricorn Group of the southern 
Great Barrier Reef (GBR) [Jell and Webb, 2012], is approximately 70 km offshore from the 
Queensland port of Gladstone (Figure 6-1). The presence of Heron Island Research Station 
and the availability of local instrumental water temperature data [Tilbrook et al., 2015] makes 
Heron Reef an ideal location to further develop reef core-based paleoclimate studies. Here we 
conducted a location-specific calibration between ambient water temperature and modern 
Porites Sr/Ca ratios, using two Porites species from varying water depths and linear 
extension rates (Table 6-1) to account for the well documented inter-colony variability in 
geochemical means [e.g., Abram et al., 2009; Grove et al., 2013; Linsley et al., 2006; Pfeiffer 
et al., 2009]. The derived equation was then applied to sub-fossil Porites samples recovered 
from rotary cores from the windward Heron Reef margin. We also evaluated the paleoclimate 
record of a similarly aged corymbose Acropora sample from a leeward margin core using a 
site-specific calibration developed by Sadler et al. [2016], to provide the first mid-Holocene 
paleoclimate records for the southern GBR. 
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Figure 6-1: Location of Heron Reef and sampling sites. a) Heron Reef in the southern GBR, 
approximately 70 km offshore. b) Sampling locations within the channel between Heron Reef 
and Wistari Reef. Stars indicate modern Porites collection sites at Coral Gardens (CG) and 
Harry’s Bommie (HB), sub-fossil Porites core locations are indicated by the triangle and the 
in situ temperature sensor of the MAPCO2 system is marked by the open circle. The open 
square indicates the location of coring from which the mid-Holocene Acropora sample is 
derived. c) Location of study site within Australia. 
 
 Methods 
6.4.1  Modern coral cores 
Four modern Porites colonies were cored with a pneumatic drill on SCUBA from the dive 
sites ‘Coral Gardens’ and ‘Harry’s Bommie’ (depths ≤10 m below the lowest astronomical 
tide) on the windward slope of Heron Reef in February 2014 (Table 6-1, Figure 6-1). Major 
growth axes of each core were identified using computed tomography (CT) scans with 
analysis in the OsiriX© software package. Slabs approximately 5 mm thick were sectioned 
from each core along the identified growth direction using a lapidary saw, and then x-rayed 
(50 kV, 100 mA, 0.025 s) to reveal annual density banding patterns (Figure 6-2). Sub-
sections near to geochemical sampling tracks were screened for diagenesis on a Hitachi 
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TM3000 Scanning Electron Microscope (SEM) at the Central Analytical Research Facility of 
the Queensland University of Technology (Supplementary Figure 6-1), with the remaining 
slab material cleaned in 15% hydrogen peroxide (H2O2) for 48 hours at room temperature. 
Subsampling for geochemical trace element analysis was conducted every 1 mm along a pre-
drilled trench using 1 mm diamond coated drill bits attached to a Dremel® rotary tool fitted 
with a Flex-Shaft attachment. Approximately 1 mg of subsampled coral powders were 
dissolved in 10 ml, double teflon-distilled nitric acid (HNO3), with Sr/Ca and Mg/Ca 
elemental ratios determined on a Varian Vista Ax CCD simultaneous inductively coupled 
plasma-atomic emission spectrometer (ICP-AES) at the Research School of Earth Sciences, 
Australia National University. A laboratory internal standard bracketing each sample was 
used to correct for instrumental drift [Schrag, 1999], with measurements of the JCp-1 
international carbonate standard throughout the instrumental runs. Mean JCp-1 Sr/Ca and 
Mg/Ca values of 8.774±0.014(1σ) mmol/mol and 4.265±0.023(1σ) mmol/mol, respectively, 
are within analytical error of those reported by Hathorne et al. [2013], with ICP-AES long 
term reproducibility calculated at 0.154 %RSD for Sr/Ca and 0.550 %RSD for Mg/Ca. 
Table 6-1: Modern Porites cores recovered from Heron Reef. Sampling locations are 
displayed in Figure 6-1. 
Porites 
Core Species 
Sample 
Site 
Water Depth 
(m below LAT) 
Tissue 
Thickness 
(mm) 
Mean Annual 
Linear Extension 
(mm year−1±1σ) 
P HS 1 P. lutea Coral Gardens < 2 5 9.67±1.53 
P HS 3 P. lobata Coral Gardens < 2 8 7.33±0.58 
P HS 4 P. lutea Coral Gardens 7.5 4 9.33±0.58 
P HS 7 P. lobata Harry’s Bommie 2.55 6 11.25±0.50 
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Figure 6-2: X-ray positives of modern Porites cores a) P HS 1, b) P HS 3, c) PHS 4 (note that 
the corallites are starting to converge in this sampling track) and d) P HS 7, revealing annual 
density band structures. Red boxes indicate sub-sampling paths for geochemical analyses (for 
the period with concomitant instrumental water temperature data) and alternating black and 
white bands represent yearly intervals. All cores are oriented in growth direction and were 
collected in February 2014, therefore the first band pair represent extension from summer 
2013 to summer 2014. Note that annual chronologies were defined using the raw Sr/Ca data 
(prior to bimonthly interpolation), not via the density bands indicated in the x-ray images. 
Density bands within samples P HS 1 and P HS 7 appear to be at a higher temporal resolution 
than the observed annual Sr/Ca cyclicity. 
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6.4.2 Mid-Holocene coral cores 
Five rotary cores (up to 30 m long, 50 mm diameter) were collected from the windward reef 
flat of Heron Reef in October-November 2014 in close proximity (<2 km) to the sites of 
modern Porites collection (Figure 6-1). Cores were retrieved using a compact, jack-up 
drilling platform, which was transported using a purpose-built, aluminium barge, the R.V. D. 
Hill. Well preserved coral skeletons were selected for uranium-thorium (U-Th) dating at the 
Radiogenic Isotope Facility, The University of Queensland. Samples were vetted using SEM 
and crushed to small chips (1–2 mm). Hand-picked chips with no apparent diagenetic 
cements or microbial crusts were selected, weighed to ~0.15 g and spiked with a 229Th-233U 
mixed tracer. The 230Th age of each coral sample was determined using a Nu Plasma multi-
collector inductively coupled plasma-mass spectrometer (MC-ICP-MS) following separation 
of U and Th using a modified column chemistry procedure following protocols described in 
detail by Zhou et al. [2011], Clark et al. [2014a] and Clark et al. [2014b]. All ages were 
calculated using the Isoplot Program EX/3.0 of Ludwig [2003] using decay constants of 
Cheng et al. [2000] and corrected for initial 230Th following Clark et al. [2014a]. Two 
discrete colonies of Porites dated around the period of proposed Holocene Thermal 
Maximum (HTM) in the central GBR [Gagan et al., 1998] [sample 14-10-2-R9C (hereafter 
R9C), dated to 5.216±0.041 (2σ) ka (Table 6-2, Supplementary Table 6-1, Supplementary 
Figure 6-2) and sample 14-10-3-R15B3 (hereafter R15B3) dated to 6.962±0.044 (2σ) ka 
(Table 6-2, Supplementary Table 6-1)] were selected for geochemical subsampling. The 
positions of the dated corals within the cores suggest that they grew at depths of ~14 m (R9C) 
and ~21 m (R15B3) below present day sea level on the prograding reef slope as depth within 
core basically equates to coeval water depth (local sea level in the GBR has not varied by 
more than ~1 m since ~7 ka [e.g., Leonard et al., 2016; Lewis et al., 2013]). 
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Table 6-2: Mid-Holocene coral cores recovered from Heron Reef. Locations of sampling sites 
are shown in Figure 6-1. 
Core ID Coral 
230Th age 
(ka) 
Sample 
Site 
Recovery 
Depth (m) 
Mean Annual 
Linear Extension 
(mm year−1±1σ) 
R9C Porites sp. 5.216±0.041 Core 14-10-2 13.3–13.7 
9.13±2.17 (track 1) 
15.00±2.65 (track 2) 
Acropora Acropora millepora 6.128±0.027 
Core 
WH5* 3.9 8.60±2.56 
R15B3 Porites sp. 6.962±0.044 Core 14-10-3 21.3–21.4 6.74±1.10 
* sample from Webb et al. (2016) 
 
Due to the inability to discretely target the main growth axis of massive colonies encountered 
in reef cores, x-ray positives of mid-Holocene Porites slabs (Figure 6-3) display varying 
angles of annual density banding patterns. In order to combat the limited temporal coverage 
of each 50 mm diameter core, multiple tracks with optimal corallite alignment, as per DeLong 
et al. [2013], were sub-sampled along each slab to increase the number of reconstruction data 
points. Subsampling and geochemical analytical procedures for Sr/Ca analyses are as detailed 
above for the modern Porites samples, with ~1 mm resolution subsampling for R9C and ~0.5 
mm resolution subsampling for R15B3. 
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Figure 6-3: X-ray positives of mid-Holocene cores a) Porites R9C, b) Porites R15B3 and c) 
corymbose Acropora recovered from Heron Reef. Red boxes indicate subsampling paths for 
Sr/Ca ratios. Note the curved trajectory of corallites in core R9C at the boundary between the 
two major growth axes sampled by Tracks 1 and 2. This indicates that both subsampling 
tracks are from the same Porites colony (see Supplementary Figure 6-2). 
 
An additional core sample of corymbose Acropora (WH5-21, U-Th dated at 6.128±0.027 
(2σ) ka, Table 6-2, Supplementary Table 6-1) collected from a shallow rotary core on the 
leeward reef flat of Heron Reef [Sadler et al., 2014; Webb et al., 2016] was also used for 
paleoclimate reconstruction using a site specific calibration developed by Sadler et al. [2016]. 
This sample occurred on a prograding slope at a depth of ~4 m [Webb et al., 2016]. Sub-
samples were collected at approximately 0.33–0.5 mm sampling resolution from the inter-
branch skeleton displaying strong annual density banding patterns as per Sadler et al. [2016]. 
Elemental Sr/Ca ratios were measured on a Thermo X Series II inductively coupled plasma-
mass spectrometer (ICP-MS) at the Radiogenic Isotope Facility, The University of 
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Queensland, following a procedure modified from Nguyen et al. [2013]. Approximately 0.2 
mg of each aragonite powder subsample was dissolved in a solution of 2%, double teflon-
distilled nitric acid (HNO3) spiked with an 18 ppb Scandium (Sc), 14 ppb Vanadium (V), 7 
ppb Indium (In) and 1 ppb Bismuth (Bi) internal standard solution. Internal drift correction 
was completed using an internal standard solution with any remaining drift corrected using a 
coral monitoring solution containing the JCp-1 international reference material. Additional 
samples of JCp-1 were run as unknowns, resulting in a mean JCp-1 Sr/Ca value of 
8.817±0.032 (1σ) mmol/mol, which is within analytical error of the values reported by 
Hathorne et al. [2013]. Long-term ICP-MS reproducibility is calculated at 0.359 % RSD. 
Due to the high sub-sampling resolution, the resulting Sr/Ca ratios were smoothed with a 
four-point running mean prior to regression against water temperature, in a similar manner to 
the modern Acropora Sr/Ca calibration study [Sadler et al., 2016]. 
6.4.3 Water temperature datasets 
Water temperature data were collected from the windward reef slope adjacent to our 
sampling sites by a Seabird Electronics SBE16PlusV2 CTD (conductivity temperature and 
pressure/depth sensor, accuracy ±0.005 °C, resolution 0.0001 °C, ~1 m depth) (marked on 
Figure 6-1b) as part of the Commonwealth Scientific and Industrial Research Organisation 
(CSIRO)/Pacific Marine Environmental Laboratory (PMEL) Moored Autonomous pCO2 
(MAPCO2) project in the Wistari Channel [Tilbrook et al., 2015]. This high resolution (~3-
hour sampling) record correlates well with water temperature data collected by the moorings 
of the Great Barrier Reef Mooring Array representing the outer shelf and shelf break water 
temperatures at 10 and 11 m depth [Sadler et al., 2016]. Such similarity between datasets 
suggests that the MAPCO2 system provides water temperature data representative of both the 
local and wider marine environment [Sadler et al., 2016]. 
6.4.4 Sr/Ca calibration  
A location-specific calibration of Sr/Ca to water temperature was established using the 
modern Porites cores and local MAPCO2 water temperature record. Distance down the 
subsampling transect was converted to a temporal axis by pairing peaks and troughs in 
skeletal Sr/Ca with seasonal extremes in bimonthly (every two months) averaged water 
temperature record. Linear interpolation in MatlabTM was then applied to the remaining data 
points to obtain a bimonthly sampling resolution across the time series. Coral P HS 1 did not 
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display an inflection of Sr/Ca values representative of summer 2014, therefore the time series 
is only presented to winter 2013. Prior to regression analysis, annual growth rates were 
screened to ensure sufficient subsample resolution to attain representative seasonal 
variability. Core P HS 3 linear extension in 2011 was below 6 mm year−1 (Supplementary 
Table 6-2), therefore Sr/Ca data between austral summer 2010 and 2012 were removed from 
the calibration to avoid a bias towards lower Sr/Ca ratios (Figure 6-4). Sr/Ca ratios from core 
P HS 1 displayed anomalously high Sr/Ca ratios prior to July-August 2012 (Figure 6-4), 
which may have been induced by slight sub-optimal corallite alignment in the slab (Figure 
6-2) [DeLong et al., 2013], and were therefore also excluded from the regression. The 
remaining modern Porites Sr/Ca data were averaged to form a ‘master record’ (n = 25), 
which was then regressed against the bimonthly averaged instrumental record via a weighted 
least square linear regression [York et al., 2004] conducted in MatlabTM [Thirumalai et al., 
2011] (Supplementary Figure 6-3). Weights were assigned as the accuracy of the MAPCO2 
thermistor (±0.005 °C) and the standard error of the mean associated with each data point in 
the averaged modern Sr/Ca ‘master record’. The use of a weighted linear regression removes 
the assumption that errors are only present in the dependent variable, and allows data points 
with greater agreement between modern cores to have a stronger weight in the regression 
than those associated with a larger difference in concomitant Sr/Ca values of the four modern 
colonies. Mg/Ca patterns displayed high variability compared to Sr/Ca, with weak or non-
existent annual cyclicity (Figure 6-4), and thus were not used to generate a paleotemperature 
equation. 
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Figure 6-4: Modern Porites a) Sr/Ca and b) Mg/Ca ratios. Shaded bands along each line 
indicate the 2σ range of geochemical values. Due to unfavourable corallite arrangement 
resulting in offset values, P HS 1 Sr/Ca data prior to July 2012 were not used in the 
calibration. Coral P HS 3 displays reduced linear extension and lower Sr/Ca ratios in the 
austral winter of 2011, and thus these data were also excluded from the calibration. Mg/Ca 
ratios displayed significantly greater inter-colony variability, with weak annual cyclicity and 
thus were not used to generate a Mg/Ca-based paleotemperature equation.  
 
6.4.5  Mid-Holocene water temperature reconstruction 
Core chronologies for the mid-Holocene samples were determined under the assumption that 
the timing of seasonal water temperature fluctuations were similar to those of the present day. 
Therefore, peaks and troughs in the sub-fossil coral samples were temporally matched to the 
bimonthly mean climatology of Heron Reef water temperature based on the modern day 
instrumental record (maximum and minimum temperatures in January-February and July-
August, respectively). Linear interpolation was then applied in MatlabTM to ensure a 
consistent, bimonthly data resolution across all records. 
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The regression equation derived from modern Porites skeletal Sr/Ca ratios and water 
temperature was then applied to the mid-Holocene sub-fossil Porites cores to reconstruct a 
temperature history for each sample. Although the mid-Holocene samples grew in somewhat 
deeper water than the modern samples, both modern and sub-fossil corals grew on the edge of 
the tidally affected channel between Heron and Wistari reefs (Figure 6-1) and are thought to 
reflect the same well mixed body of water. A recent calibration study of Sr/Ca ratios 
incorporated into modern Acropora inter-branch skeletal deposits at Heron Reef revealed 
significant inter-colony offsets in mean Sr/Ca, which prevented the reliable reconstruction of 
absolute water temperature [Sadler et al., 2016]. However, reconstructions of the seasonal 
amplitude in water temperature successfully identified the enhanced variability of seasonal 
temperature in Heron Reef lagoon compared to the fore-reef slope [Sadler et al., 2016]. Mid-
Holocene Acropora Sr/Ca ratios were therefore normalised to the sample mean, with 
temperature anomalies generated using the Sr/Ca-water temperature anomaly relationship of 
Sadler et al. [2016] (equation 1) representing the seasonal temperature amplitude; 
water temperature anomaly (°C) =	 െ 20.989(±0.046) × Sr/Ca (mmol/mol)    (1) 
 Results 
6.5.1  Modern Porites Sr/Ca-water temperature calibration 
Weighted linear regression between the average skeletal Sr/Ca record from the four modern 
Porites cores and in situ water temperature data resulted in a high correlation between 
datasets (r = −0.97, p = <0.001, n = 25). The regression relationship is defined below, 
arranged for both water temperature reconstruction (equation 2) and for simplified 
comparison with previously published Sr/Ca-water temperature relationships (equation 3). 
water temperature (°C) =ሺെ15.3668(±0.234) × Sr/Ca (mmol/mol)) + 163.9214(±2.124)    (2) 
Sr/Ca (mmol/mol) = 10.6672(±0.024) െ ሺ0.0651(±0.001) × water temperature (°C))    (3) 
The efficacy of this equation was tested by applying equation 2 to the each of the four 
individual modern Porites cores. Standard error of the estimate for the modern 
reconstructions (individual data from all four colonies included in the single calculation, n = 
74) was determined to be 0.78 °C and was applied to the Porites-based water temperature 
reconstructions. The standard error of the estimate was derived using equation 4; 
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standard error of the estimate =ට∑ (T-Tᇲ)
2
n
	      (4) 
where T is the instrumental water temperature, T’ is the Sr/Ca reconstructed temperature and 
n is the number of predictions. This provides an error typically larger than the differences 
between the instrumental record and each coral-based summer mean, winter mean and annual 
mean temperature reconstruction (Supplementary Table 6-3). Standard error of the estimate 
for the Acropora Sr/Ca anomaly paleothermometer was similarly calculated at 1.59 °C using 
data from all the modern Acropora slope and lagoon colonies presented in Sadler et al. 
[2016] (n = 261). 
Porites linear extension rates of the years used in the calibration equation (calculated from 
the raw Sr/Ca dataset) ranged from 7 to 12 mm year−1 (Supplementary Table 6-2) and did not 
display a significant relationship with either annual water temperature (r = 0.12, p = 0.75, n = 
10) or Sr/Ca (r = 0.31, p = 0.38, n = 10). Average annual linear extension for each colony 
ranged between 7.33±0.58 (1σ) and 11.25±0.50 (1σ) mm year−1 (Table 6-1, Supplementary 
Table 6-2). 
6.5.2 Mid-Holocene water temperature reconstructions 
Overlapping sample tracks within each mid-Holocene Porites core (R9C Tracks 1.1 and 1.2; 
R15B3 Tracks 1 and 2) were combined to generate longer time series records (Supplementary 
Figure 6-4, Figure 6-5). Track 2 from sample R9C, however, could not be temporally linked 
to Track 1 and has therefore been maintained as a separate record (Figure 6-5, Table 6-3). 
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Figure 6-5: Reconstructed water temperatures from sub-fossil Porites cores a) R9C (5.216 
ka) and b) R15B3 (6.962 ka). The grey box represents the modern instrumental temperature 
range, with shading around the temperature reconstructions indicating ±0.78 °C (standard 
error of the estimate). 
 
Mean climate signals derived from each mid-Holocene Porites sample indicate offshore 
waters surrounding Heron Reef were significantly cooler than present (present day mean 
water temperature = 24.12 °C), by 1.26 °C at 6.962 ka and between 1.31 °C (R9C Track 1) 
and 2.76 °C (R9C Track 2) at 5.216 ka (Table 6-3, Figure 6-5). These reconstructions do, 
however, remain within error of each other. Mid-Holocene cooling is derived from reduced 
summertime water temperatures (R9C Track 1 = 24.96±0.78 °C, R9C Track 2 = 23.08±0.78 
°C, R15B3 = 25.09±0.78 °C) compared to the instrumental record (26.87 °C). Mid-Holocene 
mean winter temperatures remain within error of present day conditions, resulting in a 
reduction in the seasonality of water temperature at both 5.216 ka and 6.962 ka (Figure 6-6, 
Table 6-3).  
Acropora Sr/Ca ratios (Supplementary Figure 6-5) contrast the Porites-based reconstructions, 
with Sr/Ca anomaly measurements from the inter-branch skeleton suggesting that an increase 
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in seasonality was experienced at 6.128±0.027 ka, with conditions within error of those of the 
present day (Figure 6-6). 
 
 
Figure 6-6: Reconstructed seasonal amplitudes from sub-fossil Porites and Acropora cores 
recovered from Heron Reef. Grey dashed line represents modern day water temperature 
seasonal amplitude. Error bars represent ± the standard error of the estimate derived for both 
Porites (0.78 °C) and Acropora (1.59 °C) Sr/Ca reconstructions. 
 
Table 6-3: Averaged reconstructed water temperatures from Heron Reef cores. All coral 
based reconstructions are associated with a ±0.78 °C (Porites) or ±1.59 °C (Acropora) 
standard error of the estimate. 
Record Date Summer Mean (°C) 
Winter 
Mean (°C) 
Mean 
Seasonality (°C) 
Annual 
Mean (°C) 
Instrumental October2009–February 2014 26.87 21.37 5.50 24.12 
R9C Track 1 5.216±0.041 ka 24.96 20.67 4.29 22.81 
R9C Track 2 5.216±0.041 ka 23.08 19.63 3.46 21.36 
Acropora 6.128±0.027 ka — — 6.64 — 
R15B3 6.962±0.044 ka 25.09 20.62 4.46 22.86 
 
6.5.3 Colony linear extension rates 
Annual linear extension rates for the four modern Porites colonies (Supplementary Table 6-4) 
provide a mean extension of 9.07±2.37 (1σ) mm year−1. Reconstructed growth rates from 
R9C Track 1 (9.13±2.17 (1σ) mm year−1) (Table 6-2, Supplementary Table 6-4) are within 
error of the live collected coral growth rates (p = 0.96, n1 = 14, n2 = 8, Welch two sample t-
test). However, Track 2 from core R9C displays a higher mean extension rate of 15.00±2.65 
(1σ) mm year−1, which is significantly greater than observed in our modern samples (p = 
0.015, n1 = 14, n2 = 3 Welch two-sample t-test). Porites core R15B3 suggests a significantly 
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reduced growth rate of 6.74±1.10 (1σ) mm year−1 (p = 0.0006, n1 = 14, n2 = 19, Welch two-
sample t-test).  
 Discussion 
6.6.1  Porites Sr/Ca-water temperature calibration 
Our site specific, bimonthly resolution calibration for the southern GBR indicates a similar 
sensitivity of Sr/Ca to ambient water temperature (−0.065 mmol/mol/°C) compared to the 
mean of the published Porites relationships reported by Corrѐge [2006] (−0.061 
mmol/mol/°C). Our relationship also falls well within the published range of Porites 
calibration studies conducted over a range of sampling resolutions (−0.047 mmol/mol/°C, 
[New Caledonia, monthly calibration Corrѐge, 2006] to −0.140 mmol/mol/°C [Japan, annual 
averages, Felis et al., 2009]). Such a wide range in published sensitivities highlights the 
importance of using a calibration specific to the study location and to the temporal resolution 
of the coral-based reconstructions. This requirement for a specific calibration can be observed 
within the GBR, with our southern GBR relationship lying between those of Gagan et al. 
[1998] (fortnightly resolution) and Roche et al. [2014] (monthly resolution) defined for 
inshore reefs of the central GBR (Supplementary Figure 6-6). 
6.6.2 Coral growth rates and subsampling path 
Reef coring techniques provide access to coral skeletons under the present day reef surface or 
seafloor that can date back through the Holocene and deeper into the Earth’s climatic history. 
Unfortunately, one of the major limitations of this methodology for sample acquisition is the 
inability to target the major growth axis of a coral colony. Colony topography has been 
shown to be an important factor for geochemical based paleoclimate studies, with cooler 
water temperatures estimated from ‘topographic valleys’/‘corallite fan margins’ using both 
the δ18O [Cohen and Hart, 1997] and Sr/Ca [Alibert and McCulloch, 1997] 
paleothermometers. Cohen and Hart [1997] suggested that these differences are induced by 
different timings in aragonite deposition across the colony surface topography, as opposed to 
a reduced influence of ambient water temperature on δ18O. Subsampling in Porites colony ‘P 
HS 4’ of this study may be interpreted to be along the corallite fan margin (Figure 6-2c; c.f. 
Alibert and McCulloch [1997], their Figure 4) yet does not appear to result in anomalously 
high Sr/Ca ratios (Figure 6-4). This may be due to the relatively flat surface of colony P HS 
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4, which Cohen and Hart [1997] suggested may minimise or even eliminate topography-
induced geochemical differences.  
Despite non-optimal overall orientation in the mid-Holocene Porites colonies, selective 
angled slabbing through the core (based on CT imagery) allows geochemical sampling to be 
conducted parallel to corallite growth as recommended by Alibert and McCulloch [1997], 
DeLong et al. [2007] and DeLong et al. [2013]. This does, however, come at some cost to the 
temporal coverage provided by each slab (Figure 6-3).  
The significantly greater extension rate of R9C track 2 (15±2.65 mm year−1) and associated 
cooler reconstructed water temperatures compared to R9C Track 1 (9.13±2.17 mm year−1) 
(Figure 6-5) may be an indication of sample path-induced effects. DeLong et al. [2013] 
suggested that increased density band spacing can be an indication of a sub-optimal sampling 
path, with corallites displaying a ‘scallop-edge texture’ and poorly defined boundaries 
between density bands. X-ray positives of slab R9C (Figure 6-3a), however, show that the 
corallites are parallel with the slab surface, and that the density band boundaries are clearly 
defined. A secondary concern may be that the cooler reconstructed water temperatures are an 
artefact of greater linear extension [de Villiers et al., 1994]. Our modern Porites corals, 
however, do not display a significant relationship between Sr/Ca and linear extension (r = 
0.31). These results are consistent with those of Alibert and McCulloch [1997], Gagan et al. 
[1998], Mitsuguchi et al. [2003] and Inoue et al. [2007]. Furthermore, cooling is 
reconstructed from both sampling tracks R9C Track 2 and R15B3, despite significantly 
greater and lower linear extension rates (respectively) when compared to the modern Porites 
cores. We therefore consider these mid-Holocene water temperature reconstructions to be 
reliable. 
6.6.3 Mid-Holocene water temperatures of the GBR 
Paleoclimate datasets for the southern hemisphere are limited, especially when compared to 
climate reconstructions from the northern hemisphere [IPCC, 2007; Ljungqvist, 2011; 
Masson-Delmotte et al., 2013]. Summer insolation in the northern hemisphere increased 
during the early Holocene [Berger, 1978], with multiple northern hemisphere proxies 
suggesting increased temperatures around 8–5 ka, termed the Holocene Thermal Maximum 
(HTM) [e.g., Caseldine et al., 2006; Ljungqvist, 2011; Renssen et al., 2012; Renssen et al., 
2009]. Cooling following this thermal maximum is suggested to have initiated at ~4–3 ka 
[Ljungqvist, 2011].  
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Porites samples recovered from reef cores at Heron Reef provide the first insights into the 
mid-Holocene climate of offshore reefs in the southern GBR. Cooler mean annual water 
temperatures at both 6.962 ka (ΔT = −1.26 °C) and 5.216 ka (Track 1 ΔT = −1.31 °C, Track 2 
ΔT = −2.76 °C) (Table 6-3) do not suggest an expression of the HTM at these times. The only 
alternate studies from the GBR against which we can compare our results are those of Gagan 
et al. [1998] and Roche et al. [2014], representing inshore reefs of the central GBR. Both 
studies present Sr/Ca ratios from single Porites microatolls dated at 5.35 ka (Orpheus Island, 
[Gagan et al., 1998]) and 4.481 ka (King Reef, [Roche et al., 2014]) suggesting a ΔT of +1.2 
°C and +1.3 °C, respectively. Warming at these times is consistent with northern hemisphere 
expressions of the HTM, but contrasts our reconstructions. Such a large difference between 
reconstructions of the central and southern GBR is unexpected, yet may be representative of 
differences in the tropical/sub-tropical and inshore/offshore reef response to external and 
internal climate forcing. Alternatively, opposing patterns of warming and cooling may be 
explained by differences in sampling protocols employed by each study. Whilst our coral 
samples are limited by temporal coverage and may potentially be influenced by poor core 
alignment in the colony, the reconstructions of Roche et al. [2014] are based on a horizontal 
core through a Porites microatoll. Mitsuguchi et al. [2003] indicated no significant difference 
in Sr/Ca collected from vertical and horizontal subsampling tracks within a Porites colony, 
and thus core orientation in both GBR studies is not likely to influence the reliability of 
geochemically based temperature reconstructions. However, microatolls form in shallow 
water settings where vertical colony growth is limited by mean low-tide level or reef flat 
ponding level [e.g., Gagan et al., 1998; Woodroffe and Gagan, 2000]. These shallow water 
regions can exhibit significantly different water temperatures relative to those of offshore, 
deeper reef slopes [Sadler et al., 2014, their figure 1], particularly when water ponding 
occurs. Therefore, the microatoll based reconstruction of Roche et al. [2014] may not be 
representative of broader oceanographic conditions and could thus theoretically result in a 
local positive temperature bias. This environmental difference may not explain warmer water 
temperatures at Orpheus Island as water temperatures were reconstructed from the base of a 
vertical core through the microatoll colony, i.e., from before coral growth was restricted by 
sea level. However, the calibration of marine radiocarbon ages has seen significant 
improvements since the original data publication in 1998. The conventional radiocarbon age 
(5,800±60 yr BP [Gagan et al., 1998]) was reprocessed to an age of 6,157–6,290 BP using 
the Calib software [Stuiver and Reimer, 1993] with the Marine13 calibration dataset and a 
marine reservoir correction (ΔR) of 1±26 14C years reported for the central Queensland coast 
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by Ulm [2002]. This earlier age plots well with the alternate southwest Pacific coral-based 
water temperature anomaly reconstructions including our similarly dated Porites sample R9C 
(Figure 6-7). 
 
 
Figure 6-7: Coral-based western Pacific mean annual water temperature anomaly 
reconstructions from the Huon Peninsula, Papua New Guinea [McCulloch et al., 1996]; 
Muschu and Koil Islands, Papua New Guinea [Abram et al., 2009]; Mentawai Islands, 
Sumatra, Indonesia [Abram et al., 2009]; Espiritu Santo, Vanuatu [Duprey et al., 2012]; 
Marra, Tahiti [DeLong et al., 2013]; Grande Terre, New Caledonia [Montaggioni et al., 
2006]; King Reef, central GBR [Roche et al., 2014]; Orpheus Island, central GBR [Gagan et 
al., 1998] and Heron Reef, southern GBR [This Study]. Modern water temperatures for 
Orpheus Reef were downloaded from the Australian Institute of Marine Science data centre 
[IMOS, 2015], with Huon Peninsula modern temperatures reported at ~29 °C [e.g., Welsh et 
al., 2011]. Vertical bars represent reported temperature uncertainty. 
 
6.6.4  Southern hemisphere expression of the mid-Holocene Thermal Maximum 
Combining our data with temperature anomalies reported by similar studies around the 
western Pacific provides a more detailed insight into southern hemisphere tropical and 
subtropical Holocene climate evolution (Figure 6-7). Mid-Holocene cooling in the southern 
GBR is similar in magnitude to that experienced at lower latitudes in the Indo-Pacific Warm 
Pool (Indonesia and Papua New Guinea, as documented by Abram et al. [2009]), suggesting 
a level of coherence in temperature variability across the tropical and subtropical western 
Pacific. Reconstructed water temperatures from Indonesia [Abram et al., 2009], Papua New 
Guinea [Abram et al., 2009; McCulloch et al., 1996], Vanuatu [Duprey et al., 2012] and New 
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Caledonia [Montaggioni et al., 2006] all suggest a short-lived period of increased 
temperatures, likely the southern hemisphere expression of the mid-Holocene Thermal 
Maximum, between ~6.8–6.0 ka (Figure 6-7). Our reconstructions for the southern GBR are 
consistent with the apparent western Pacific long-term temperature evolution. Sample R15B3 
(6.962 ka) lies on an apparent recovery trajectory from the so called 8.2 ka cooling event, 
with the post-HTM decline in water temperatures indicated by core R9C (5.216 ka; Figure 
6-7). This consistency with lower latitude coral-based reconstructions argues against a strong 
meridional gradient in temperature anomalies between the central and northern GBR, and is 
supported by the data of Gagan et al. [1998] when using the recalibrated 14C dates.  
The combined water temperature anomaly dataset for the tropical and subtropical western 
Pacific suggests a temporal offset with higher latitude reconstructions from the Southern 
Hemisphere. Speleothem records from Tasmania suggest that maximum Holocene air 
temperatures were experienced between 8 and 7.4 ka [Xia et al., 2001], which is not indicated 
in the lower latitude coral-based reconstructions of Figure 6-7. An earlier climatic optimum, 
the ‘early-Holocene Thermal Maximum’, was reported between 11 and 9 ka from New 
Zealand speleothems [Williams et al., 2004], high latitude marine sediment cores [Pahnke 
and Sachs, 2006; Stott et al., 2004] and Antarctic ice-core records [Masson et al., 2000]. 
Coral-based reconstructions for the early Holocene are limited, and thus we cannot draw a 
firm conclusion regarding a tropical/subtropical expression of this feature. Given the similar 
timing between a weak secondary climate optimum in the mid-Holocene (7–5 ka) suggested 
by Antarctic ice cores from the Ross Sea sector (in the region of Australasia) and the coral 
derived mid-Holocene optimum in the tropics and subtropics, this potential early Holocene 
warming should be investigated further. However, high spatial and temporal variability in the 
HTM has been well documented [e.g., Renssen et al., 2012; Renssen et al., 2009] with eastern 
Antarctic records indicating a delayed secondary optimum from 6–3 ka [Masson et al., 2000] 
when the tropical/subtropical western Pacific experienced cooling (Figure 6-7).  
6.6.5 Mid-Holocene seasonal temperature amplitude 
The observed reduction in seasonal temperature amplitude around 6 ka shown by Porites 
cores R15B3 and R9C (4.29–3.46 °C, compared to a present day 5.50 °C, Table 6-3) is 
consistent with expectations in the southern hemisphere due to changes in orbital forcing 
dynamics. Six thousand years ago, seasonal cycles were strongest in the northern hemisphere, 
with a shift towards greater seasonality in the southern hemisphere by approximately 3 ka 
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[Wanner et al., 2008]. The confirmation of this orbitally controlled climatic shift within our 
sub-fossil and modern Porites reconstructions provides further support for the accuracy of 
our southern GBR water temperature reconstructions. Interestingly, the Acropora-based 
reconstruction suggests similar conditions to the present day were also observed at 6.1 ka 
(Figure 6-6). Additional paleoclimate data from this period would be highly desirable to 
confirm this unexpected reconstruction. 
 Conclusions 
Holocene reef cores from the windward fore-reef slope at Heron Reef, southern GBR have 
provided massive Porites skeletal material for Sr/Ca ratio-based mid-Holocene water 
temperature reconstructions. Following a calibration study with locally collected modern 
Porites colonies and an instrumental record of water temperatures [Tilbrook et al., 2015], we 
found cooler temperatures in the southern GBR at 6.962±0.044 ka (1.26 °C) and 5.216±0.041 
ka (2.76–1.31 °C) that bracket the onset and weakening, respectively, of a mid-Holocene 
thermal maximum suggested between ~6.8–6.0 ka in the tropical western Pacific. 
Recalibrated radiocarbon dates for the temperature reconstruction of Gagan et al. [1998] 
support this suggestion of an earlier HTM warming. Reconstructions from a King Island mid-
Holocene microatoll [Roche et al., 2014], however, suggest that the central GBR experienced 
earlier and greater warming following the 5.216 ka cooling event compared to Mentawai, 
Indonesia. This interval remains relatively sparse in data, and may also reflect enhanced 
warming in ponded water on the inshore reef flat. 
Reconstructed water temperature anomalies from across the tropical and subtropical western 
Pacific suggest similar timing and amplitude of cooling along the meridional gradient. The 
combined anomaly dataset is consistent with the occurrence of a short lived mid-Holocene 
Thermal Maximum between ~6.8–6.0 ka, earlier than previously suggested for the GBR. 
However, additional high resolution climate reconstructions are required to confirm the 
presence of an early-Holocene Thermal Maximum in the sub-tropical western Pacific, as 
suggested by higher latitude climate reconstructions. Importantly, this study suggests that 
Porites samples obtained from deep reef cores, which have the capacity to sample the 
majority of the Holocene succession, can provide the needed paleothermometry to test such 
hypotheses.  
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Supplementary Figure 6-1: (Previous page) Scanning electron microscopy of mid-Holocene 
Porites cores displaying initial aragonite skeleton in R9C Track 1 (images a and b); R9C 
Track 2 (images c and d) and R15B3 (images e and f). A patch of localized aragonite cement 
was noted in the top left region of slab R9C (images g and h), however the volumetric 
proportion to skeletal aragonite is very low. No aragonite cement was observed in SEM 
imagery closer to R9C Track 2, as per images c and d. Scale bars indicate 100 µm. 
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Supplementary Figure 6-2: Core details for samples R9C. a) Computed tomography scans 
displaying the location and 230Th ages obtained from the Porites core recovered via reef 
coring. The colony is presented in growth orientation, as recovered in the core, with material 
in the right column recovered directly below that of the left. The curved top of the right hand 
core is likely due to slight grinding of the surface by cuttings that fell into the bore between 
recovery and drilling the two core runs. Hence, sample R9C (marked) is located centimeters 
above the dated section at the top of the core on the right. b) X-ray image of sample R9C 
following slabbing. White box indicates the location of c). c) x-ray image displaying a 
curvature in corallites growth direction in the lower layer to match that from which 
geochemical subsampling Track 2 was conducted. Growth was continuous across the 
boundary but with increased linear extension rates.  
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Supplementary Figure 6-3: Porites Sr/Ca and water temperature weighted linear regression (n 
= 25). Blue error bars indicate the weights associated with the master Sr/Ca chronology. 
Weights associated with the temperature data are smaller than the data symbol, thus are not 
shown. 
 
 
 
Supplementary Figure 6-4: Mid-Holocene Porites Sr/Ca values of a) R9C Track 1.1 (circles) 
and Track 1.2 (squares) and b) R15B3 Track 1 (circles) and Track 2 (squares). Note that the 
reduced Sr/Ca amplitude at the end of R15B3 Track 1 is likely due to rotating corallites, 
therefore data from Track 2 is used in the bimonthly data interpolation. 
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Supplementary Figure 6-5: Four-point running mean smoothed Sr/Ca ratios from the inter-
branch skeleton of the mid-Holocene Acropora H5 21 2. 
 
 
 
Supplementary Figure 6-6: Porites Sr/Ca-water temperature relationships defined for King 
Reef, central GBR [Roche et al., 2014]; Orpheus Island, central GBR [Gagan et al., 1998] 
and Heron Island, southern GBR [this study]. 
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Supplementary Table 6-1: MC-ICP-MS U-Th age data obtained from mid-Holocene coral core material. 
Site Number Depth (m) U (ppm) 232Th (ppb) (230Th/ 232Th) (230Th/238U) (234U/ 238U) Uncorr. Age (ka) corr. Age (ka) 
corr. Initial 
(234U/ 238U) 
14-10-2 R09C 13.3-13.7 2.8437±0.0033 0.0524±0.0031 8871±726 0.0538±0.0003 1.1436±0.0011 5.252±0.031 5.252±0.031 1.146±0.001 
 Acropora* 3.9±0.1 4.2275±0.0052 0.149±0.001 5419±35 0.0629±0.0003 1.1474±0.0015 6.129±0.027 6.128±0.027 1.153±0.002 
14-10-3 R15B3 21.3–21.4 2.8563±0.0019 0.0474±0.0031 12959±851 0.0709±0.0004 1.1441±0.0013 6.963±0.044 6.962±0.044 1.147±0.001 
 
Supplementary Table 6-2: Modern Porites annual linear extension (February–February). Italics represent data that are not used in the Sr/Ca-SST 
regression. 
 P HS 1  
(mm year−1) 
P HS 3  
(mm year−1) 
P HS 4  
(mm year−1) 
P HS 7  
(mm year−1) 
2013–2014 — 7 9 11 
2012–2013 11 7 10 11 
2011–2012 10 3 9 11 
2010–2011 8 8 — 12 
Mean Annual Linear Extension 9.67 7.33 9.33 11.25 
Standard Deviation 1.53 0.58 0.58 0.50 
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Supplementary Table 6-3: Modern coral Sr/Ca-based water temperature reconstructions vs 
instrumental record. These values are lower than the derived 0.78 °C standard error of the estimate 
(with the exception of the seasonal amplitude reconstructed from P HS 7), providing confidence in 
the Sr/Ca-SST calibration and error estimation. Mean seasonal amplitudes were calculated as the 
summer mean temperature minus the winter mean temperature, and the annual mean as the average 
of the summer and winter mean temperature reconstructions. Differences were calculated as the 
Sr/Ca-based reconstruction minus the instrumental data. 
Method Summer Mean (°C) 
Winter Mean 
(°C) 
Mean Seasonal 
Amplitude (°C) Annual Mean (°C) 
Instrumental Data 26.87 21.37 5.50 24.12 
P HS 1 Reconstruction 26.34 20.64 5.70 23.49 
P HS 3 Reconstruction 27.13 21.46 5.67 24.29 
P HS 4 Reconstruction 26.66 20.84 5.82 23.75 
P HS 7 Reconstruction 27.22 20.66 6.56 23.94 
 
Summer 
Difference 
(°C) 
Winter 
Difference 
(°C) 
Seasonal 
Difference (°C) 
Annual Difference 
(°C) 
P HS 1 Reconstruction -0.53 -0.73 0.21 -0.63 
P HS 3 Reconstruction 0.26 0.08 0.17 0.17 
P HS 4 Reconstruction -0.21 -0.54 0.32 -0.38 
P HS 7 Reconstruction 0.34 -0.72 1.06 -0.19 
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Supplementary Table 6-4: Modern and mid-Holocene coral annual linear extension, determined as 
the distance between minima in Sr/Ca ratios. 
 Modern (mm year−1) 
R9C Track 1 
(mm year−1) 
R9C Track 2
(mm year−1) 
Acropora 
(mm year−1)
R15B3 
(mm year−1) 
 11 9 13 9.3 7 
 10 13 14 10.7 7 
 8 7 18 11 7 
 7 11  8 6 
 7 10  4.5 8 
 3 9  6.5 8 
 8 7  5 6 
 9 7  12 6 
 10   10 8 
 9   9 8 
 11    6 
 11    7 
 11    7 
 12    7 
     8 
     7 
     6 
     5 
     4 
Mean 9.07 9.13 15.00 8.60 6.74 
SD 2.37 2.17 2.65 2.56 1.10 
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Chapter 7. DISCUSSION, CONCLUSIONS AND FUTURE RESEARCH 
 General Discussion 
The aim of this research was to improve on our ability to understand climate evolution over the 
Holocene through the development and application of high resolution coral geochemistry-based 
paleothermometry on coral genera commonly encountered in reef cores. Many coral-based climate 
reconstructions of the Indo-Pacific are derived from massive Porites that are either live cored (data 
thus restricted to recent centuries), recovered from uplifted reef terraces (diagenetic implications) or 
collected from the reef flat (diagenetic and water ponding implications). Reef coring techniques, 
however, can provide coral material from throughout the Holocene recovered below the most 
diagenetically active zones. Unfortunately, this method does not allow specific targeting of Porites 
colonies and the recoverable climate data from a reef core may therefore be limited. This project 
was designed to test whether an alternate, abundant genus can be used to reconstruct paleowater 
temperatures, and to conduct environmental reconstructions using deep reef core material. 
Corymbose forms of branching Acropora sp. with significant amounts of inter-branch skeleton are 
very abundant in reef cores from the southern GBR (see Chapter 3) and therefore provided an ideal 
target for this study. 
Key stages in this research were: 1) review the techniques used in coral geochemistry-based 
paleoclimate reconstructions and developments in the use of non-Porites genera as records of 
Holocene climate; 2) identify genera common in southern GBR reef cores that may be used for 
climate construction; 3) collect modern samples from Heron Reef and calibrate with local in situ 
temperature records so as to develop site specific paleothermometry transfer equations; and 4) apply 
these local equations to sub fossil corals collected from reef cores of Heron Reef. 
A comprehensive review of the current peer-reviewed literature using coral skeletal geochemistry as 
a paleoclimate indicator is provided in Chapter 3. Key issues affecting paleoclimate analyses 
discussed in Chapter 3 include: 
- Vital effects and environmental parameters. 
- Time averaging of geochemical signals (i.e., bio-smoothing). 
- Microstructure and ultrastructure of the coral skeleton. 
- Diagenetic alteration and sample vetting. 
- The construction of transfer equations to relate coral geochemistry to environmental 
parameters. 
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Chapter 3 also presents the first global review of the utility of coral genera other than massive 
Porites colonies for paleoclimate reconstruction, and indicates that further research is required to 
increase the number of coral genera that can be used for Indo-Pacific Holocene climate 
reconstruction. Of the potential ‘new indicator genera’, Acropora colonies were suggested to 
contain significant paleoclimate potential through possible incorporation of geochemical proxies 
within the inter-branch skeleton near the base of corymbose colonies. Compositional logs of reef 
cores collected in the central GBR (e.g., Figure 3-10) indicate a high abundance of corymbose 
Acropora within the fossil reef record [Dechnik et al., 2015; Marshall and Davies, 1982; Webster et 
al., 2011; Yokoyama et al., 2011]. Computed tomography imaging of such colonies (Figure 3-11) 
reveals the presence of high and low density bands within inter-branch deposits that appear to be 
similar to those observed within massive colonies of Porites. 
Live cored samples of Acropora and Porites were collected from the reef slope and lagoon 
(Acropora only) of Heron Reef in February 2014 for the generation of site specific 
paleotemperature transfer equations. However, prior to the application of Acropora inter-branch 
skeleton as a climate archive, skeletal precipitation dynamics and growth rates required 
quantification to ensure that skeletal growth allows the collection of aragonite material at a monthly 
resolution with minimal impact of bio-smoothing. As detailed in Chapter 4, CT, X-ray imagery and 
SEM were used to document the structure and growth of Acropora inter-branch skeleton in the 
modern cores. Computed tomography was also conducted on modern Acropora colonies, identified 
down to the species level, stored at the Queensland Museum. These particular skeletons did not 
contain significant amounts of inter-branch skeleton, but the resulting CT imagery (see Appendix 4) 
may prove useful in the species level identification of Acropora in reef cores. 
Unlike the previously documented Acropora branch microstructure [Gladfelter, 1982; Nothdurft 
and Webb, 2007; Oliver, 1984; Roche et al., 2011; Shirai et al., 2008], inter-branch skeleton 
displays a relatively simple depositional structure that lacks significant thickening ‘shingle’ deposits 
(Figure 4-8) that can result in significant bio-smoothing of environmental proxy signals. This 
depositional structure suggests a greater similarity to massive Porites colonies than to Acropora 
branches (e.g., Supplementary Figure 4-7), and hence a potential use as a climate archive. Initial 
inter-branch geochemistry results from a Heron reef flat, corymbose Acropora colony reveal 
cyclicity in Sr/Ca ratios that roughly correlate with high and low skeletal density bands (Figure 
4-12) and expected water temperature patterns. Both skeletal microstructure and initial geochemical 
analyses therefore suggested that Acropora inter-branch skeleton contains significant potential as a 
novel, highly abundant archive of previous water temperatures. 
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Building on the structural conclusions of Chapter 4, a calibration of Acropora (A. humilis and A. 
samoensis) inter-branch skeleton Sr/Ca ratios as a record of paleowater temperature was developed 
as presented within Chapter 5. High resolution geochemical sampling (0.25–0.33 mm resolution) of 
inter-branch skeleton was conducted on corymbose Acropora colonies collected from the reef slope 
and lagoon of Heron Reef. Conducting a calibration based on multiple colonies from two reef 
locations (slope and lagoon) with concomitant temperature records should theoretically provide a 
more reliable calibration over a wider range of in situ water temperatures. The single colony of A. 
samoensis collected also provides limited information on inter-species variability for the Acropora 
based calibration equation. 
Comparisons of the six core profiles of Sr/Ca reveal significant variance in Sr/Ca ratios between 
Acropora colonies (Supplementary Figure 5-1). Such differences cannot be explained by either 
significant bio-smoothing or growth rate variations, and do not appear to be induced by species 
dependent Sr/Ca-water temperature relationships. As the observed variability due to ‘vital effects’ 
remains undetermined, the potential for Acropora inter-branch deposits to act as an archive for 
reconstructing previous absolute water temperatures is limited. However, normalising each colony 
record to the long term colony mean effectively removes these inter-colony differences (Figure 
5-4), allowing estimations of the seasonal amplitude of water temperature to be calculated with the 
following equation. 
water temperature anomaly (°C) =	 െ 20.989(±0.046) × Sr/Ca anomaly (mmol/mol)  
This technique effectively identifies the enhanced seasonal water temperature range of Heron Reef 
lagoon, compared to that of the fore-reef slope.  
Despite the initial limitations of inter-branch skeletal Sr/Ca ratios as an indicator of paleowater 
temperature, the limits of the calibration itself must be considered. The instrumental records at 
Heron Reef are relatively short, with measurements only commencing in 2009. This restricted 
calibration period, combined with limited number of collected Acropora cores containing inter-
branch skeleton that extends to the colony surface (6 of the 12 cores collected), resulted in a 
significantly lower number of data points available for the linear regression. An increased dataset 
through a longer water temperature record and increased number of Acropora Sr/Ca records may 
result in a calibration containing reduced errors. Mg/Ca and U/Ca trace element ratios were also 
analysed from Acropora subsamples (Appendix 1), yet were not fully tested in this research. Mg/Ca 
ratios displayed a higher level of variability than Sr/Ca, which may reflect the strong influence of 
biological vital effects on skeletal Mg incorporation [e.g., Inoue et al., 2007; Meibom et al., 2004; 
Mitsuguchi et al., 2003; Mitsuguchi et al., 2008; Reynaud et al., 2007]. Relatively regular seasonal 
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cycles were observed in U/Ca ratios; however, these cycles were temporally offset from the more 
commonly used Sr/Ca record.  
Similar testing of the genus Isopora (previously categorised as a subgenus of Acropora), revealed 
similar inter-colony offsets in Sr/Ca ratios, with no clear seasonal cycles in sub-millimetre sub-
sampling [Felis et al., 2014]. However, bulk annual Sr/Ca sampling was effectively used to 
reconstruct a larger meridional temperature gradient along the GBR from 20,000–13,000 years BP 
[Felis et al., 2014]. Acropora inter-branch skeleton bulk Sr/Ca ratios did not correlate well with 
mean annual water temperature (r2 = 0.09), yet may provide utility for seasonal reconstructions 
under enhanced environmental differences, such as experienced in the GBR during the LGM. 
 The concepts and results of Chapters 2 through 5 were then applied in the mid-Holocene water 
temperature reconstructions of Chapter 6. Rotary coring techniques applied to the reef flat of Heron 
Reef have provided significant volumes of Acropora and Porites cores suitable for paleoclimate 
reconstruction. Similar to the procedures defined in Chapter 5 for corymbose Acropora, an 
additional site specific Sr/Ca-water temperature calibration was developed for Porites colonies of 
the southern GBR (Heron Reef): 
Sr/Ca (mmol/mol) = 10.6672(±0.024) െ ሺ0.0651(±0.001) × water temperature (°C)ሻ  
Multiple paleotemperature transfer equations currently exist for Porites [see the recent compilation 
by Corrѐge, 2006], however, only those of Gagan et al. [1998] and Roche et al. [2014] have been 
applied to mid-Holocene dated corals for temperature reconstructions of the GBR. Our equation lies 
between these two relationships (Supplementary Figure 6-6), highlighting the requirement for a site 
specific calibration to generate accurate paleo-temperature reconstructions. 
Locally derived transfer equations for both Acropora and Porites were then applied to Sr/Ca ratios 
recovered from fossil cores dated around the reported GBR expression of the mid-Holocene 
Thermal Maximum [Gagan et al., 1998]. Two well preserved Porites cores, U-Th dated at 
5,216±0.041 years BP and 6,962±0.044 years BP, suggest cooler mid-Holocene water temperatures, 
contrasting the central GBR warming proposed by Gagan et al. [1998] at 5,350 years BP. Opposing 
reconstructions for the central and southern GBR can, however, be rectified by recalibration of the 
central GBR radiocarbon dates following updated marine calibration datasets since publication by 
Gagan et al. [1998]. Reprocessing in the Calib software package [Stuiver and Reimer, 1993] with 
the Marine13 calibration dataset and a central Queensland coast marine reservoir correction of 1±26 
14C years [Ulm, 2002] provides a new age estimate of 6,157–6,290 BP for the coral analysed by 
Gagan et al. [1998] and removes the apparent conflict between central and southern GBR 
reconstructions (Figure 6-7). 
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Seasonal ranges in water temperature, as reconstructed from the southern GBR Porites cores were 
reduced during the mid-Holocene, consistent with expectations based on orbital forcing parameters 
[Wanner et al., 2008]. Acropora based reconstruction suggests an increased mid-Holocene seasonal 
amplitude at 6,128±0.027 years BP, yet this difference is not statistically significant with regards to 
the associated error (Figure 6-6). 
Combining our Porites based reconstructions with published data from around the western tropical 
and sub-tropical western Pacific suggests a large scale coherency in cooling across the meridional 
gradient (Figure 6-7). The similarity between our results and previous studies across the subtropical 
and tropical western Pacific also suggests the presence of a mid-Holocene Thermal Maximum 
between approximately 6,800–6,000 years BP. Unfortunately, we were unable to recover Porites 
cores dated of that age, once more emphasising the requirement for increased development of ‘non-
traditional’ coral genera as paleoclimate archives. Regardless, this research suggest that corals 
recovered through reef coring techniques have the capability to provide the much needed 
paleothermometry through the majority of the Holocene reef succession. 
 Conclusions 
Corymbose Acropora colonies are highly abundant in reef cores collected from across the southern 
GBR. Inter-branch skeleton within these colonies displays annual density banding, similar in nature 
to that of massive corals such as Porites, and exhibits limited secondary thickening that would 
otherwise induce significant bio-smoothing. Initial geochemical results indicate strong seasonal 
cyclicity of Sr/Ca ratios, suggesting a high potential of Acropora inter-branch skeleton to act as a 
proxy archive of previous water temperatures. 
A site specific calibration of Acropora inter-branch skeleton and in situ water temperature from 
Heron Reef revealed significant inter-colony variations in Sr/Ca ratios. These variations do not 
appear to be induced by species differences; similar magnitudes of variations were observed 
between and within the Acropora species collected. The exact cause of inter-colony variations 
remains undetermined, and as such, Acropora inter-branch skeleton Sr/Ca ratios cannot be 
effectively used to reconstruct absolute water temperatures at this time. However, the water 
temperature seasonal amplitude can be evaluated by normalising each Sr/Ca signal to the respective 
colony mean. Acropora-based seasonal amplitude reconstructions successfully identify the greater 
water temperature annual range in the lagoon of Heron Reef compared to that of the fore-reef slope. 
A site specific paleothermometry transfer equation was also developed using modern Porites 
colonies from Heron Reef. The resulting equation was dissimilar from those previously presented in 
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mid-Holocene water temperature reconstructions of the inshore central GBR, highlighting the 
importance of a local calibration. 
Mid-Holocene water temperatures of the southern GBR were reconstructed using two sub fossil 
Porites cores U-Th dated at 5,216 and 6.962 years BP. Opposing the inshore central GBR 
reconstruction of Gagan et al. [1998], the data suggest cooler water temperatures at both 
reconstruction periods. Recalibrating the radiocarbon date of Gagan et al. [1998] suggests a new 
microatoll age estimate of 6,157–6,290 BP and removes the previous conflict with our cooling 
estimates. 
Water temperature reconstructions from the central and southern GBR suggest a relatively short 
lived expression of the mid-Holocene Thermal Maximum between 6,800–6,000 years BP; earlier 
than previously suggested. These reconstructions indicate a similar magnitude of mid-Holocene 
temperature variability as reconstructed in the tropical southwestern Pacific, suggesting a large 
scale, coherent response to climate forcing. 
 Further research 
Following on from the findings of this PhD thesis, potential further research projects to aid the 
development of paleoclimate reconstructions from reef cores are discussed below: 
 
- Identification of the vital effects responsible for such high variability in Sr/Ca ratios 
between Acropora colonies collected in close proximity. Previous research on branch 
nubbins suggests a minimal control of light intensity on Sr/Ca [Reynaud et al., 2007], yet 
this may not be directly transferable from branch to inter-branch skeleton. Further 
mesocosm experimentation under controlled light and temperature conditions may shed 
further light on the causes of this variability. 
- While Sr/Ca and Mg/Ca ratios of Acropora inter-branch skeleton may not provide a reliable 
proxy for water temperature, there may remain some potential for the use of stable oxygen 
isotopes (δ18O). Due to the larger sub-sample size for the mass spectrometer determination 
of δ18O, and the highly open structure of inter-branch skeleton, this was not conducted in 
this research project yet may still hold significant potential for paleoclimate reconstruction. 
- Additional reef coring in the southern GBR may provide Porites core material dated 
between 6,800–6,000 years BP that would allow the confirmation of a mid-Holocene 
temperature optimum over this period. Coral-based climate reconstructions representing the 
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central and northern GBR may also allow the confirmation of a consistent mid-Holocene 
climate response across the length of the GBR. 
- Reconstructions of mid-Holocene water temperatures in the southern GBR, and an earlier 
GBR expression of the mid-Holocene Thermal Maximum, presented in this thesis suggests 
that reef cores can provide paleoclimate data representing the early- and mid-Holocene. 
These periods cannot be reconstructed by discrete coring of live Porites colonies, and thus 
reef cores are an invaluable resource of paleoclimate data. Considering the large number of 
deep reef cores that have been collected from around the world and currently lie in long term 
storage, an interesting follow-up study would be to re-visit this material and test sample 
suitability for paleoclimate reconstructions of the Holocene and beyond.  
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Appendix 1. CORYMBOSE ACROPORA GEOCHEMISTRY 
A 1.1 Modern corymbose Acropora geochemistry datasets  
Trace element geochemistry data analysed from modern corymbose Acropora cores, Heron Reef, 
are presented below. Subsamples were milled by hand with a Dremel® rotary tool as detailed in 
Chapter 5. 
 
Appendix Table 1-1: Geochemical values of the cored modern reef flat corymbose Acropora 
colony.  
Sample Mg/Ca (mmol/mol) 
Sr/Ca 
(mmol/mol) 
Y/Ca 
(µmol/mol) 
Ba/Ca 
(µmol/mol) 
U/Ca 
(µmol/mol) 
AR-HF-1-01 5.5580 9.2073 0.0512 4.7892 1.3011 
AR-HF-1-03 4.8047 9.2884 0.0411 4.1927 1.3206 
AR-HF-1-04 4.7721 9.3015 0.0488 4.1365 1.3017 
AR-HF-1-05 4.3599 9.4151 0.0493 5.0989 1.3924 
AR-HF-1-06 4.3622 9.5370 0.0430 4.3433 1.4436 
AR-HF-1-08 5.5204 9.4973 0.0451 4.2697 1.3090 
AR-HF-1-09 5.3374 9.4913 0.0547 4.8163 1.3569 
AR-HF-1-10 4.1778 9.6003 0.0467 4.7298 1.4298 
AR-HF-1-11 4.3564 9.4679 0.0442 4.2049 1.3805 
AR-HF-1-13 4.5815 9.3465 0.0396 4.1109 1.3229 
AR-HF-1-14 4.5224 9.2973 0.0406 3.9173 1.2851 
AR-HF-1-15 4.4404 9.3132 0.0376 4.1377 1.2808 
AR-HF-1-16 4.6870 9.2736 0.0435 4.0043 1.2813 
AR-HF-1-17 4.4095 9.2923 0.0431 4.1957 1.3170 
AR-HF-1-18 4.5861 9.3211 0.0467 4.1488 1.3173 
AR-HF-1-19 4.3323 9.4726 0.0457 4.2416 1.3626 
AR-HF-1-20 4.1395 9.6001 0.0427 4.3497 1.3798 
AR-HF-1-21 3.9341 9.7210 0.0420 4.4217 1.4422 
AR-HF-1-22 3.8412 9.7267 0.0408 4.3214 1.3954 
AR-HF-1-23 3.9627 9.6483 0.0445 4.2531 1.4252 
AR-HF-1-24 3.9229 9.5302 0.0469 4.8154 1.3729 
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AR-HF-1-25 4.2665 9.4032 0.0460 4.1131 1.3051 
AR-HF-1-26 4.6101 9.4145 0.0461 4.1325 1.4055 
AR-HF-1-27 4.8461 9.4089 0.0394 4.1604 1.3178 
AR-HF-1-28 4.5687 9.3341 0.0395 4.0093 1.3344 
AR-HF-1-29 4.6030 9.3570 0.0736 4.8251 1.3854 
AR-HF-1-30 4.5928 9.3006 0.0375 3.9946 1.2737 
AR-HF-1-31 4.4900 9.3409 0.0420 4.3836 1.3516 
AR-HF-1-32 4.6814 9.2380 0.0375 4.0400 1.2239 
AR-HF-1-33 4.4721 9.2856 0.0388 4.0485 1.2790 
AR-HF-1-34 4.4849 9.3228 0.0396 4.1320 1.3179 
AR-HF-1-35 4.5568 9.3145 0.0411 4.2371 1.3042 
AR-HF-1-36 4.3201 9.3512 0.0371 4.0531 1.3646 
AR-HF-1-37 4.2930 9.3827 0.0413 4.1148 1.3159 
AR-HF-1-38 4.1752 9.5207 0.0472 4.6903 1.3985 
AR-HF-1-39 4.0178 9.5423 0.0522 4.2733 1.4300 
AR-HF-1-40 3.9413 9.6065 0.0473 4.3535 1.4081 
AR-HF-1-41 4.2319 9.5397 0.0401 4.1322 1.3671 
AR-HF-1-42 3.9455 9.5390 0.0477 4.1334 1.4072 
AR-HF-1-43 4.1203 9.5590 0.0381 4.1665 1.4050 
AR-HF-1-44 4.1991 9.4813 0.0385 4.0964 1.3844 
AR-HF-1-45 4.3442 9.3809 0.0406 4.3214 1.3274 
AR-HF-1-46 4.4247 9.2941 0.0401 3.8846 1.2731 
AR-HF-1-47 4.5214 9.2203 0.0339 3.9148 1.2615 
AR-HF-1-48 4.4451 9.2653 0.0409 4.1595 1.3096 
AR-HF-1-49 4.4099 9.3083 0.0419 4.4670 1.3500 
AR-HF-1-50 4.2680 9.3551 0.0445 4.2259 1.3904 
AR-HF-1-51 4.2148 9.4876 0.0417 4.3091 1.3892 
AR-HF-1-52 4.1328 9.4946 0.0408 4.2627 1.4237 
AR-HF-1-53 4.1207 9.5115 0.0396 4.2218 1.4129 
AR-HF-1-54 4.0954 9.5427 0.0423 4.3406 1.4327 
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AR-HF-1-55 4.0383 9.5947 0.0439 4.5069 1.4597 
AR-HF-1-56 4.1161 9.5851 0.0421 4.3011 1.4072 
AR-HF-1-57 4.2098 9.4609 0.0437 4.1491 1.4091 
AR-HF-1-58 3.8456 9.5957 0.0497 4.3647 1.6413 
AR-HF-1-59 3.6550 9.6854 0.0560 4.2559 1.7208 
AR-HF-1-60 3.8749 9.5430 0.0473 4.1374 1.5550 
AR-HF-1-61 3.7642 9.6737 0.0484 4.1811 1.6314 
AR-HF-1-62 3.6594 9.7913 0.0549 4.4150 1.7351 
AR-HF-1-63 3.9414 9.4959 0.0413 4.0808 1.4132 
AR-HF-1-64 3.8983 9.4292 0.0414 4.1989 1.4069 
AR-HF-1-65 3.9900 9.4176 0.0425 4.3922 1.3940 
AR-HF-1-66 3.9440 9.7060 0.0422 4.5084 1.4321 
AR-HF-1-67 3.7879 9.6859 0.0475 4.2909 1.5790 
AR-HF-1-68 3.6546 9.7315 0.0484 4.2874 1.7172 
AR-HF-1-69 3.6390 9.7719 0.0530 4.3014 1.7431 
AR-HF-1-70 3.7704 9.6277 0.0464 4.0671 1.6283 
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Appendix Table 1-2: Geochemical values of the cored modern lagoon corymbose Acropora 
colonies. 
Sample 
Mg/Ca 
(mmol/mol) 
Sr/Ca 
(mmol/mol) 
Y/Ca 
(µmol/mol) 
Ba/Ca 
(µmol/mol) 
U/Ca 
(µmol/mol) 
AR_HL_3_001 3.9354 9.6329 0.1623 4.9357 1.4977 
AR_HL_3_002 3.8115 9.6828 0.1101 4.8007 1.3801 
AR_HL_3_003 3.8582 9.6089 0.2216 5.5280 1.4468 
AR_HL_3_004 3.9033 9.5926 0.1172 4.9813 1.4104 
AR_HL_3_005 3.8115 9.5947 0.1340 5.3258 1.4327 
AR_HL_3_006 3.8690 9.6143 0.1040 4.6255 1.4310 
AR_HL_3_006 3.8272 9.6132 0.0992 4.7409 1.4261 
AR_HL_3_007 3.9053 9.6217 0.4732 5.7361 1.4464 
AR_HL_3_008 3.8372 9.6475 0.1272 5.2446 1.3907 
AR_HL_3_009 3.8907 9.6261 0.1951 5.5307 1.3888 
AR_HL_3_010 4.1213 9.5655 0.1055 5.3688 1.3421 
AR_HL_3_011 3.8352 9.7618 0.1097 9.6219 1.4668 
AR_HL_3_012 4.1465 9.5917 0.2077 7.1912 1.3867 
AR_HL_3_013 4.0103 9.6923 0.2228 7.0566 1.4479 
AR_HL_3_014 4.0212 9.6754 0.1210 5.4511 2.0851 
AR_HL_3_015 4.0078 9.7423 0.1438 5.5920 1.3711 
AR_HL_3_016 3.9443 9.7440 0.1166 5.5433 1.3931 
AR_HL_3_018 4.1826 9.6646 0.1908 5.9016 1.3370 
AR_HL_3_019 4.1011 9.6882 0.2533 7.3959 1.3412 
AR_HL_3_020 3.8525 9.8067 0.1542 5.1290 1.4293 
AR_HL_3_021 3.9541 9.7639 0.1042 5.1295 1.4045 
AR_HL_3_023 3.8648 9.7629 0.1087 4.8098 1.4385 
AR_HL_3_024 4.1104 9.7094 0.0596 6.0794 1.4550 
AR_HL_3_025 3.8502 9.7611 0.1826 5.4517 1.4552 
AR_HL_3_026 3.7433 9.7548 0.1394 4.6950 1.4232 
AR_HL_3_027 3.7394 9.7437 0.1740 4.6872 1.4497 
AR_HL_3_028 3.7239 9.7466 0.2876 5.4074 1.4799 
AR_HL_3_029 3.7392 9.6512 0.1810 4.6276 1.4496 
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AR_HL_3_031 3.8818 9.6508 0.2631 4.9766 1.4389 
AR_HL_3_032 3.6207 9.6910 0.1422 4.5586 1.4198 
AR_HL_3_033 3.8458 9.6704 0.1701 4.9519 1.4442 
AR_HL_3_034 3.7772 9.6498 0.1963 4.6976 1.3751 
AR_HL_3_035 3.6151 9.7308 0.2375 4.5538 1.4043 
AR_HL_3_036 3.8068 9.5854 0.1554 4.6275 1.3907 
AR_HL_3_037 3.5991 9.7140 0.2431 5.3428 1.4403 
AR_HL_3_038 3.8438 9.5912 0.2117 5.8737 1.4124 
AR_HL_3_039 3.7419 9.5683 0.1674 4.3377 1.3782 
AR_HL_3_040 3.8808 9.5733 0.5903 6.2417 1.4115 
AR_HL_3_041 3.6258 9.6247 0.2215 4.6235 1.3866 
AR_HL_3_043 3.7527 9.5182 0.1644 4.5410 1.3392 
AR_HL_3_051 4.0328 9.5369 0.1882 7.4931 1.3357 
AR_HL_3_052 3.9029 9.6574 0.1196 21.5064 1.3682 
AR_HL_3_053 4.1221 9.6503 0.2508 9.0544 1.3823 
AR_HL_3_054 3.6462 9.6846 0.0863 4.4146 1.4029 
AR_HL_3_057 3.8333 9.7808 0.1690 7.5315 1.4485 
AR_HL_3_059 3.6479 9.8898 0.1387 6.3257 1.4594 
AR_HL_3_060 3.5969 9.8802 0.1081 5.2250 1.5028 
AR_HL_3_061 3.6475 9.9441 0.1034 5.3678 1.4981 
AR_HL_3_062 3.6455 9.8329 0.1405 5.3446 1.4346 
AR_HL_3_063 3.6776 9.7357 0.1217 5.4616 1.4339 
AR_HL_3_064 3.6510 9.7896 0.0988 5.2143 1.4154 
AR_HL_3_065 3.7183 9.7210 0.1425 5.8331 1.3994 
AR_HL_3_066 3.8293 9.6770 0.1863 7.9705 1.3766 
AR_HL_3_067 3.5537 9.7356 0.1162 4.5877 1.4042 
AR_HL_3_069 3.5746 9.6438 -0.0292 4.1081 1.3752 
AR_HL_3_070 3.5866 9.5930 0.0079 4.2976 1.3789 
AR_HL_3_073 3.6469 9.5898 -0.0052 3.9145 1.3353 
AR_HL_3_074 3.9147 9.5336 -0.1013 7.6078 1.3840 
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AR_HL_3_075 3.6293 9.6424 0.0128 4.1310 1.3856 
AR_HL_3_076 3.4832 9.6900 0.0444 4.3801 1.4802 
AR_HL_3_077 3.4615 9.6678 -0.0164 5.5776 1.5337 
AR_HL_3_078 3.5423 9.8123 0.0488 5.0099 1.5396 
AR_HL_3_079 3.6196 9.7765 0.0426 4.9077 1.5076 
AR_HL_3_080 3.4247 9.8975 0.0335 5.4543 1.5596 
AR_HL_3_081 3.4232 9.8089 0.0254 5.1075 1.5063 
AR_HL_3_082 3.4783 9.8033 0.0162 4.7704 1.5122 
AR_HL_3_083 3.4891 9.8398 0.0332 5.6074 1.5208 
AR_HL_3_085 5.8472 9.8024 0.0183 5.1396 1.4791 
AR_HL_3_088 5.1115 9.6751 0.0375 4.1750 1.4044 
AR_HL_3_089 5.7873 9.6496 0.0319 4.5824 1.3805 
AR_HL_3_093 5.4406 9.5966 0.0225 4.5183 1.4329 
AR_HL_3_094 5.0667 9.6538 0.0251 5.0728 1.4100 
AR_HL_3_095 3.4117 9.6786 -0.0441 4.8183 1.4015 
AR_HL_3_096 3.4359 9.6684 0.0306 5.2198 1.4014 
AR_HL_3_097 3.5908 9.6244 0.0351 4.7355 1.3959 
AR_HL_3_098 3.8838 9.5341 -0.0385 4.6992 1.3715 
AR_HL_3_099 3.8994 9.5880 0.0001 4.5697 1.3595 
AR_HL_3_101 3.9505 9.6191 -0.0318 4.6798 1.3958 
AR_HL_3_102 3.7961 9.6417 0.0337 4.5729 1.3792 
AR_HL_3_103 3.8790 9.6961 0.0045 4.7597 1.4249 
AR_HL_3_104a 3.9615 9.6645 0.0095 5.5000 1.4021 
AR_HL_3_105 3.8271 9.6659 -0.0273 4.6168 1.3906 
AR_HL_3_106 3.8636 9.6566 0.0357 5.0673 1.4108 
AR_HL_3_107 3.8318 9.6903 0.0260 4.7338 1.4215 
AR_HL_3_108 3.8562 9.7049 0.0261 4.8931 1.4103 
AR_HL_3_109 3.9131 9.6938 -0.0163 5.5942 1.4156 
AR_HL_3_110 3.9843 9.6970 0.0085 4.7276 1.4377 
AR_HL_3_111 3.9412 9.6762 0.0259 4.9390 1.3989 
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AR_HL_3_112 3.7053 9.7564 0.0215 4.2885 1.3842 
AR_HL_3_113 3.9180 9.6738 0.0227 4.3480 1.3978 
AR_HL_3_114 3.8206 9.6327 -0.0262 5.4575 1.4062 
AR_HL_3_115 4.4308 9.5133 0.0121 4.7158 1.3779 
AR_HL_3_117 3.8739 9.6167 0.0144 4.2361 1.3959 
AR_HL_3_118 3.8774 9.6023 -0.0231 4.4784 1.3976 
AR_HL_3_119 3.8524 9.6168 0.0119 4.1937 1.3846 
AR_HL_3_120 3.9280 9.5339 0.0361 4.3463 1.3793 
AR_HL_3_121 4.7940 9.4954 0.0847 5.5630 1.4010 
AR_HL_3_122 3.8909 9.5316 0.0233 4.6296 1.3480 
AR_HL_3_123 3.9051 9.4816 -0.0052 4.4897 1.3132 
AR_HL_3_125 3.7878 9.5045 -0.0293 4.6914 1.3463 
AR_HL_3_127 3.7377 9.4658 -0.0148 4.7524 1.3764 
AR_HL_3_130 3.9121 9.5074 -0.0392 5.2183 1.3455 
AR_HL_3_132 4.0986 9.4051 -0.0616 4.4611 1.3079 
AR_HL_3_137 3.8177 9.5152 -0.0314 4.8193 1.3788 
AR_HL_3_138 3.8103 9.5196 -0.0529 4.6339 1.3745 
AR_HL_3_141 4.0367 9.5070 -0.0224 4.8410 1.4059 
AR_HL_3_142 3.8321 9.6254 -0.0122 5.0079 1.3904 
AR_HL_3_143 3.7692 9.5712 0.0093 5.2914 1.4366 
AR_HL_3_146 3.7324 9.5844 -0.0139 5.8377 1.4386 
AR_HL_3_147 3.6582 9.6858 0.0170 5.4713 1.4609 
AR_HL_3_148 3.6003 9.7165 -0.0095 5.6246 1.4706 
AR_HL_3_149 3.6485 9.7657 0.0359 5.2982 1.4874 
AR_HL_3_150 3.6983 9.8261 -0.0081 6.2970 1.4991 
AR_HL_3_153 3.6977 9.7843 0.0358 5.0131 1.5067 
AR_HL_3_154 3.8009 9.7566 -0.0520 5.3656 1.4829 
AR_HL_3_156 3.8387 9.7348 -0.0515 5.0975 1.4876 
AR_HL_4_226 3.6353 9.4910 0.0425 4.9209 1.3701 
AR_HL_4_225 3.4384 9.6422 0.0271 4.9232 1.4644 
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AR_HL_4_224 3.3361 9.7163 0.0356 5.8290 1.5141 
AR_HL_4_223 3.3559 9.7583 0.0417 5.0544 1.5270 
AR_HL_4_222 3.4543 9.7733 -0.0002 5.9848 1.5462 
AR_HL_4_221 3.4177 9.7616 0.0389 5.3157 1.5991 
AR_HL_4_220 3.4902 9.7083 0.0392 4.7716 1.5321 
AR_HL_4_219 3.5203 9.6720 0.0643 4.6994 1.4846 
AR_HL_4_218 3.5877 9.6557 0.0514 4.3420 1.3986 
AR_HL_4_217 3.7976 9.6063 0.0504 4.5641 1.3452 
AR_HL_4_216 3.5473 9.6534 0.0455 46.7804 1.4318 
AR_HL_4_215 3.7192 9.7249 0.0255 4.0199 1.4165 
AR_HL_4_214 3.8423 9.7259 0.0417 4.0001 1.4302 
AR_HL_4_212 3.6599 9.5954 0.0540 3.9994 1.4238 
AR_HL_4_210 3.9682 9.4398 0.0510 6.6119 1.3514 
AR_HL_4_209 3.7269 9.4888 0.0345 3.3231 1.3212 
AR_HL_4_208 3.7370 9.3732 -0.0033 4.0548 1.2866 
AR_HL_4_207 4.2020 9.3122 0.0531 6.8589 1.2581 
AR_HL_4_206 3.6538 9.4294 0.0422 3.7475 1.3442 
AR_HL_4_205 3.7505 9.3653 0.0339 3.8453 1.3123 
AR_HL_4_204 3.7375 9.3537 0.0407 3.5584 1.2978 
AR_HL_4_203 3.9705 9.2861 0.0244 5.0158 1.2717 
AR_HL_4_202 3.8261 9.3186 0.0404 3.8140 1.2918 
AR_HL_4_201 3.7023 9.3130 0.0279 3.6042 1.3462 
AR_HL_4_200 3.6382 9.3936 0.0428 3.9993 1.3929 
AR_HL_4_199 3.9225 9.3702 0.0315 3.6949 1.3608 
AR_HL_4_198 3.7385 9.4386 0.0482 3.4815 1.3964 
AR_HL_4_197 3.5148 9.5275 0.0608 3.6901 1.4937 
AR_HL_4_196 3.6417 9.5138 0.0545 3.4476 1.4317 
AR_HL_4_195 3.7252 9.4702 0.0538 3.8806 1.4271 
AR_HL_4_194 3.5661 9.5815 0.0412 3.6940 1.4909 
AR_HL_4_193 3.7203 9.5132 0.0487 4.5661 1.4376 
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AR_HL_4_192 3.3666 9.7921 0.0430 4.4541 1.5798 
AR_HL_4_191 3.4418 9.8259 0.0419 5.2394 1.5879 
AR_HL_4_190 3.5086 9.6878 0.0403 3.7128 1.5267 
AR_HL_4_189 3.4193 9.7741 0.0108 5.4500 1.5128 
AR_HL_4_188 3.4231 9.8212 0.0371 5.3180 1.5620 
AR_HL_4_187 3.3960 9.7759 0.0476 5.1391 1.5657 
AR_HL_4_186 3.3594 9.8797 0.0395 5.7859 1.5463 
AR_HL_4_185 3.4431 9.7381 0.0442 4.5504 1.5059 
AR_HL_4_184 3.4973 9.7131 0.0409 4.8664 1.4468 
AR_HL_4_183 3.5081 9.7735 0.0486 4.6858 1.5017 
AR_HL_4_182 3.5949 9.6619 0.0539 3.9612 1.4517 
AR_HL_4_181 3.7263 9.6128 0.0031 4.8110 1.4338 
AR_HL_4_180 3.8748 9.4761 0.0390 4.2933 1.3680 
AR_HL_4_179 3.6498 9.6446 0.0429 3.9304 1.4114 
AR_HL_4_178 3.6964 9.5796 0.0362 3.9945 1.3901 
AR_HL_4_177 3.5225 9.6345 0.0441 4.0069 1.4512 
AR_HL_4_176 3.6309 9.5363 0.0433 3.7231 1.3761 
AR_HL_4_175 3.6069 9.5410 0.0273 4.4318 1.4175 
AR_HL_4_174 3.6437 9.5162 0.0384 4.2020 1.4532 
AR_HL_4_173 3.6495 9.5019 0.0380 3.5814 1.3818 
AR_HL_4_172 3.6592 9.4963 0.0402 3.6858 1.3548 
AR_HL_4_171 3.5786 9.4789 0.0382 3.8546 1.3741 
AR_HL_4_170 3.5905 9.4810 0.0367 3.9424 1.4092 
AR_HL_4_168 3.4535 9.4925 0.0362 3.2458 1.3885 
AR_HL_4_167 3.5721 9.4121 0.0596 3.8212 1.3723 
AR_HL_4_166 3.6386 9.3962 0.0191 4.7821 1.3491 
AR_HL_4_165 3.4674 9.4887 0.0342 3.7186 1.4030 
AR_HL_4_164 3.4266 9.5579 0.0328 4.5260 1.4684 
AR_HL_4_163 3.4313 9.5808 0.0345 3.4573 1.4508 
AR_HL_4_162 3.5833 9.4519 0.0202 17.7610 1.4417 
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AR_HL_4_161 3.4149 9.5944 0.0034 4.9935 1.4788 
AR_HL_4_160 3.3194 9.7106 0.0637 4.8132 1.5828 
AR_HL_4_158 3.1916 9.8850 0.0488 4.9370 1.6377 
AR_HL_4_157 3.2624 9.8921 0.0455 4.8401 1.6317 
AR_HL_4_155 3.3834 9.7514 0.0657 8.0833 1.5300 
AR_HL_4_153 3.6387 9.7477 0.0602 5.2187 1.5783 
AR_HL_4_151 3.3750 9.7288 0.0323 3.7881 1.5366 
AR_HL_4_150 3.5761 9.6407 0.0174 3.8761 1.4781 
AR_HL_4_149 3.5398 9.6627 0.0283 3.7825 1.4725 
AR_HL_4_148 3.7138 9.5776 0.0191 3.6290 1.4038 
AR_HL_4_147 3.7110 9.5422 0.0209 3.8382 1.4165 
AR_HL_4_146 3.9925 9.4502 0.0049 3.6486 1.3854 
AR_HL_4_145 3.8047 9.5239 0.0218 3.6996 1.4187 
AR_HL_4_144 3.6980 9.4704 0.0365 3.7076 1.4333 
AR_HL_4_143 3.6238 9.4997 0.0153 3.8255 1.4541 
AR_HL_4_142 3.8179 9.4884 0.0230 3.5415 1.4045 
AR_HL_4_141 3.9857 9.4101 -0.0093 4.0622 1.3560 
AR_HL_4_140 3.8443 9.4730 0.0003 4.0150 1.4042 
AR_HL_4_139 3.9514 9.4110 0.0050 4.1526 1.3920 
AR_HL_4_138 3.8722 9.4292 0.0329 3.8271 1.4044 
AR_HL_4_137 3.8640 9.4241 0.0260 3.6961 1.3905 
AR_HL_4_136 3.9745 9.3308 0.0291 3.7235 1.2939 
AR_HL_4_134 3.8866 9.3929 0.0320 3.6121 1.3082 
AR_HL_4_133 3.9452 9.3974 0.0277 3.4806 1.2589 
AR_HL_4_132 4.0264 9.3194 0.0105 10.4146 1.2653 
AR_HL_4_131 3.9578 9.2868 0.0125 3.6879 1.2632 
AR_HL_4_130 3.6762 9.4298 0.0029 4.1950 1.3143 
AR_HL_4_129 3.8057 9.3354 -0.0398 4.1582 1.2589 
AR_HL_4_128 3.6740 9.3161 0.0278 4.3696 1.2957 
AR_HL_4_127 3.5439 9.4634 0.0089 3.9807 1.3643 
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AR_HL_4_126 3.6153 9.4209 0.0231 4.1936 1.3403 
AR_HL_4_125 3.5588 9.5175 0.0058 4.0549 1.3957 
AR_HL_4_124 3.6320 9.4872 -0.0403 4.6172 1.4034 
AR_HL_4_123a 3.4552 9.5450 0.0241 4.7656 1.4219 
AR_HL_4_122 3.5094 9.5709 0.0211 3.4499 1.4063 
AR_HL_4_121 3.4334 9.6185 0.0357 3.7730 1.4069 
AR_HL_4_120 3.3480 9.6936 0.0098 3.8943 1.4705 
AR_HL_4_118 3.3802 9.7079 0.0186 4.5372 1.5097 
AR_HL_4_117 3.3483 9.7461 0.0214 4.0378 1.5271 
AR_HL_4_116 3.3634 9.7783 0.0212 5.9632 1.5276 
AR_HL_4_115 3.2648 9.7893 -0.0023 4.7018 1.4887 
AR_HL_4_114 3.2580 9.8033 0.0233 3.9315 1.4941 
AR_HL_4_113 3.2815 9.7422 -0.1357 5.0360 1.4442 
AR_HL_4_112 3.4159 9.7222 0.0177 3.7817 1.4431 
AR_HL_4_110 3.3718 9.6414 0.0516 3.8379 1.3861 
AR_HL_4_109 3.5163 9.5097 0.0129 3.1870 1.3737 
AR_HL_4_108 3.6619 9.4108 0.0161 3.2728 1.2965 
AR_HL_4_107 3.6635 9.3931 0.0405 3.3678 1.3198 
AR_HL_4_106 3.7236 9.3749 -0.0088 3.3270 1.2944 
AR_HL_4_105 3.6322 9.3190 0.0059 3.4800 1.3249 
AR_HL_4_104 3.4452 9.4035 0.0273 9.7871 1.4040 
AR_HL_4_103 3.4799 9.3812 0.0029 4.5341 1.4223 
AR_HL_4_102 3.6171 9.4547 0.0197 3.6195 1.4579 
AR_HL_4_101 3.5286 9.4499 0.0110 3.9234 1.3728 
AR_HL_4_100 3.4552 9.4478 0.0084 3.5915 1.3972 
AR_HL_4_099 3.5152 9.5528 0.0285 3.5874 1.4273 
AR_HL_4_098 3.4004 9.5599 -0.0098 4.0349 1.4265 
AR_HL_4_097 3.4272 9.6090 0.0368 3.5878 1.4653 
AR_HL_4_096 3.3879 9.5628 0.0280 3.2243 1.4557 
AR_HL_4_095 3.3792 9.5476 0.0220 3.8509 1.4720 
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AR_HL_4_094 3.7101 9.4800 0.0251 4.6962 1.4960 
AR_HL_4_093 3.2812 9.7121 0.0297 4.3021 1.5386 
AR_HL_4_092 3.1904 9.7851 0.0319 5.3205 1.5396 
AR_HL_4_091 3.2944 9.8258 0.0371 4.5035 1.4967 
AR_HL_4_088 3.3055 9.8219 0.0376 4.0380 1.5100 
AR_HL_4_087 3.2791 9.7931 0.0411 3.8872 1.5147 
AR_HL_4_086 3.5330 9.5895 0.0000 13.3608 1.4487 
AR_HL_4_085 3.8267 9.5727 -0.0734 6.1142 1.4531 
AR_HL_4_084 3.4840 9.6080 0.0264 3.5546 1.4294 
AR_HL_4_083 3.4464 9.5911 0.0261 3.7212 1.4544 
AR_HL_4_082 3.4965 9.5337 0.0423 3.9624 1.4172 
AR_HL_4_081 3.6685 9.5802 0.0276 3.7277 1.3969 
AR_HL_4_080 3.6188 9.3771 0.0200 3.5058 1.3256 
AR_HL_4_079 3.5131 9.4768 -0.0209 4.3713 1.3915 
AR_HL_4_078 3.5174 9.5303 0.0336 3.5170 1.3795 
AR_HL_4_077 3.4966 9.4189 0.0059 3.1943 1.2693 
AR_HL_4_076 3.5485 9.4291 0.0340 3.8137 1.3429 
AR_HL_4_075 3.5660 9.4065 0.0150 4.0925 1.3164 
AR_HL_4_074 3.6167 9.3622 0.0270 3.0429 1.2536 
AR_HL_4_073 3.8574 9.3572 -0.0099 3.8747 1.2631 
AR_HL_4_072 3.7189 9.3756 0.0104 3.7985 1.2790 
AR_HL_4_071 3.6762 9.3487 0.0112 2.9630 1.2510 
AR_HL_4_070 3.5050 9.4684 0.0229 3.8652 1.4130 
AR_HL_4_068 3.4718 9.4588 -0.0037 3.2662 1.4076 
AR_HL_4_067 3.7019 9.5418 0.0391 2.8989 1.3148 
AR_HL_4_066 3.2378 9.7215 0.0218 4.3056 1.5240 
AR_HL_4_065 3.2296 9.7416 0.0396 4.6492 1.5473 
AR_HL_4_064 3.3774 9.6529 0.0108 4.6125 1.5244 
AR_HL_4_063 3.3740 9.6574 0.0271 4.4280 1.4807 
AR_HL_4_062 3.4273 9.8103 0.0440 4.8768 1.4878 
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AR_HL_4_061 3.2604 9.7924 0.0329 4.2844 1.5474 
AR_HL_4_060 3.6331 9.7039 -0.0446 4.4650 1.4895 
AR_HL_4_059 3.3814 9.6612 -0.0136 3.5759 1.4970 
AR_HL_4_058 3.3877 9.6728 0.0308 4.0531 1.5119 
AR_HL_4_056 3.3865 9.6008 0.0381 3.1429 1.4315 
AR_HL_4_054 3.6500 9.5272 0.0340 3.6081 1.3066 
AR_HL_4_051 3.6615 9.4518 -0.0082 3.7023 1.4382 
AR_HL_4_050 3.3726 9.6131 0.0199 2.6921 1.4926 
AR_HL_6_007 4.2031 9.5360 0.0657 21.7602 1.3821 
AR_HL_6_008 4.0978 9.4962 0.0585 20.3573 1.3355 
AR_HL_6_009 4.0834 9.5644 0.0659 24.7794 1.3430 
AR_HL_6_010 4.1151 9.5906 0.0875 25.4555 1.3658 
AR_HL_6_011 4.0904 9.5410 0.0704 25.0007 1.3356 
AR_HL_6_012 3.9416 9.6045 0.0625 24.5619 1.3892 
AR_HL_6_013 4.0344 9.5325 0.0528 22.6766 1.3692 
AR_HL_6_014 3.8816 9.6318 0.0659 22.3416 1.3829 
AR_HL_6_015 3.8291 9.7008 0.0714 22.4471 1.3907 
AR_HL_6_016 3.7571 9.6876 0.0664 23.3985 1.4244 
AR_HL_6_017 3.5591 9.8229 0.0602 22.1630 1.4688 
AR_HL_6_018 3.6261 9.8635 0.0675 22.8374 1.4851 
AR_HL_6_019 3.5170 9.8189 0.0621 23.0680 1.4466 
AR_HL_6_020 3.4399 9.7387 0.0626 22.3530 1.4426 
AR_HL_6_021 3.5360 9.8640 0.0685 21.9692 1.4941 
AR_HL_6_022 3.4718 9.9289 0.0615 22.0634 1.5047 
AR_HL_6_023 3.3747 9.9571 0.0613 20.4222 1.4877 
AR_HL_6_024 3.3796 9.9122 0.0570 21.0232 1.4664 
AR_HL_6_025 3.4850 9.7845 0.0610 21.8634 1.4578 
AR_HL_6_026 3.5273 9.8265 0.0661 20.9826 1.4633 
AR_HL_6_027 3.5322 9.7993 0.0608 20.1899 1.4097 
AR_HL_6_028 3.4951 9.7797 0.0656 20.4791 1.4503 
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AR_HL_6_029 3.6837 9.7206 0.0541 18.8708 1.4038 
AR_HL_6_030 3.8512 9.6478 0.0604 18.9404 1.3814 
AR_HL_6_031 3.8208 9.6220 0.0634 18.6954 1.3938 
AR_HL_6_032 3.9091 9.5944 0.0594 18.6927 1.3354 
AR_HL_6_033 3.8242 9.6092 0.0552 18.3246 1.3512 
AR_HL_6_034 3.8667 9.5806 0.0756 18.6418 1.3374 
AR_HL_6_035 3.9012 9.5424 0.0598 18.8282 1.3383 
AR_HL_6_036 4.1210 9.4198 0.0597 18.3454 1.2889 
AR_HL_6_037 4.0432 9.4573 0.0634 19.6919 1.3209 
AR_HL_6_038 4.0969 9.4536 0.0790 18.7899 1.3076 
AR_HL_6_039 3.9957 9.4825 0.0556 17.9897 1.3355 
AR_HL_6_040 3.9568 9.4542 0.0587 17.8538 1.3179 
AR_HL_6_041 4.4419 9.4804 0.0630 18.3261 1.2920 
AR_HL_6_042 4.0089 9.5121 0.0586 17.8737 1.3036 
AR_HL_6_043 4.0720 9.4902 0.0514 18.3725 1.3066 
AR_HL_6_044 4.0865 9.4384 0.0470 19.7208 1.2994 
AR_HL_6_046 4.0298 9.5069 0.0548 20.0554 1.3255 
AR_HL_6_047 3.8882 9.5411 0.0556 18.9153 1.3126 
AR_HL_6_048 3.9394 9.5676 0.0590 22.5045 1.3559 
AR_HL_6_049 4.1148 9.6093 0.0568 22.8215 1.3504 
AR_HL_6_050 3.9581 9.6193 0.1283 23.8694 1.4227 
AR_HL_6_051 3.7349 9.7080 0.0534 24.6761 1.4908 
AR_HL_6_052 3.6208 9.8313 0.0528 23.5787 1.5206 
AR_HL_6_053 3.5926 9.8548 0.0498 24.2843 1.5605 
AR_HL_6_054 3.6405 9.8643 0.0457 23.2820 1.5050 
AR_HL_6_055 3.5294 9.9107 0.0527 21.7477 1.4981 
AR_HL_6_056 3.3038 10.0691 0.0547 21.1998 1.5832 
AR_HL_6_057 3.3228 10.0409 0.0518 21.3370 1.5727 
AR_HL_6_058 3.3644 10.0212 0.0547 21.5810 1.5814 
AR_HL_6_059 3.3489 10.0057 0.0565 21.0785 1.5644 
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AR_HL_6_061 3.3723 9.9726 0.0532 19.0713 1.5141 
AR_HL_6_062 3.2594 10.0147 0.0545 18.7763 1.5450 
AR_HL_6_063 3.3411 9.9740 0.1013 19.0093 1.5390 
AR_HL_6_064 3.3323 9.9224 0.0484 16.8933 1.5020 
AR_HL_6_065 3.3955 9.9095 0.0519 16.1552 1.4835 
AR_HL_6_066 3.5295 9.7466 0.0555 14.9230 1.4172 
AR_HL_6_067 3.5039 9.7480 0.0538 14.4386 1.4340 
AR_HL_6_068 3.6112 9.6607 0.0491 13.9951 1.3705 
AR_HL_6_069 3.7745 9.6108 0.0562 16.3810 1.3785 
AR_HL_6_070 3.6751 9.6381 0.0498 13.8719 1.3574 
AR_HL_6_071 3.7820 9.5927 0.0551 15.9201 1.3649 
AR_HL_6_072 4.0480 9.5126 0.0537 18.9585 1.4030 
AR_HL_6_073 3.6553 9.6236 0.0469 16.9517 1.4215 
AR_HL_6_074 3.6814 9.6339 0.0566 17.2635 1.4523 
AR_HL_6_075 3.4692 9.7747 0.0492 17.7601 1.4163 
AR_HL_6_076 3.4701 9.8196 0.0485 17.1374 1.4666 
AR_HL_6_077 3.3548 9.9007 0.0549 19.7892 1.5129 
AR_HL_6_078 3.3282 9.8868 0.0501 20.2509 1.5264 
AR_HL_6_079 3.3644 9.8845 0.0505 20.7376 1.5552 
AR_HL_6_080 3.3055 9.8738 0.0510 19.1594 1.5760 
AR_HL_6_081 3.2055 10.1031 0.0589 18.4730 1.6736 
AR_HL_6_082 3.2652 10.0488 0.0640 17.6762 1.6635 
AR_HL_6_083 3.2066 9.9961 0.0556 18.9177 1.6412 
AR_HL_6_084 3.1787 9.9785 0.0581 18.9894 1.6072 
AR_HL_6_085 3.0156 10.0906 0.0614 19.5831 1.7091 
AR_HL_6_086 3.0813 10.0841 0.0598 18.9461 1.6564 
AR_HL_6_087 3.0702 10.0842 0.0611 18.9487 1.6474 
AR_HL_6_088 3.1322 10.0675 0.0545 17.0300 1.5872 
AR_HL_6_089 3.1989 9.9848 0.0478 16.7865 1.5297 
AR_HL_6_090 3.1853 10.0286 0.0542 18.2321 1.5158 
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AR_HL_6_091 3.6782 9.6815 0.0585 16.4041 1.4672 
AR_HL_6_092 3.3094 9.7873 0.0515 15.9636 1.4452 
AR_HL_6_093 3.3900 9.7506 0.0612 16.8444 1.4279 
AR_HL_6_094 3.2847 9.6956 0.0543 16.7907 1.4834 
AR_HL_6_095 3.3896 9.7081 0.0537 16.5994 1.5390 
AR_HL_6_096 3.2912 9.8161 0.0534 18.2979 1.5065 
AR_HL_6_097 3.3468 9.8047 0.0594 18.0675 1.5389 
AR_HL_6_098 3.2688 9.7761 0.0462 17.5580 1.5068 
AR_HL_6_099 3.2400 9.7836 0.0491 18.5251 1.5392 
AR_HL_6_100 3.2384 9.8679 0.0515 20.1011 1.5284 
AR_HL_6_101 3.2545 9.8240 0.0492 19.5978 1.4956 
AR_HL_6_102 3.2868 9.7816 0.0541 19.8467 1.4733 
AR_HL_6_103 3.1931 9.7661 0.0516 28.1848 1.4827 
AR_HL_6_104 3.2400 9.8476 0.0541 27.5846 1.5152 
AR_HL_6_105 3.1668 9.8849 0.0629 21.1799 1.4775 
AR_HL_6_106 3.1059 9.8926 0.0490 22.6144 1.4989 
AR_HL_6_107 3.1109 10.0032 0.0574 20.3330 1.5361 
AR_HL_6_108 3.1470 10.0472 0.0628 32.2183 1.5765 
AR_HL_6_109 3.1537 10.0047 0.0573 23.5155 1.5609 
AR_HL_6_110 3.1741 10.0254 0.0593 18.2702 1.5448 
AR_HL_6_111 3.2308 9.8992 0.0576 16.8657 1.5144 
AR_HL_6_112 3.7618 9.6989 0.0538 19.7870 1.4745 
AR_HL_6_113 3.5067 9.8464 0.0533 18.0880 1.4880 
AR_HL_6_114 3.4823 9.8190 0.0608 16.1430 1.4991 
AR_HL_6_116 3.5106 9.8564 0.0492 16.6765 1.4900 
AR_HL_6_117 3.6695 9.7590 0.0610 16.8005 1.4399 
AR_HL_6_118 3.6550 9.7185 0.0629 16.7650 1.4946 
AR_HL_6_119 3.6038 9.7445 0.0667 16.4229 1.5015 
AR_HL_6_120_r 3.6118 9.7554 0.0577 16.5977 1.4687 
AR_HL_6_122 3.6588 9.6927 0.0502 16.7455 1.4631 
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AR_HL_6_123 3.7929 9.5715 0.0554 15.1708 1.3977 
AR_HL_6_124 3.7077 9.6254 0.0469 14.9401 1.3779 
AR_HL_6_125 3.8575 9.5286 0.0516 14.3213 1.3300 
AR_HL_6_126 3.6740 9.5983 0.0495 14.8937 1.3935 
AR_HL_6_127 3.6229 9.6152 0.0540 15.0988 1.4149 
AR_HL_6_128 3.6420 9.5901 0.0482 15.8741 1.3931 
AR_HL_6_129 3.6791 9.5887 0.0484 16.9805 1.4151 
AR_HL_6_130 3.7069 9.5252 0.0433 17.1880 1.3688 
AR_HL_6_131 3.8727 9.5128 0.0633 18.4230 1.3638 
AR_HL_6_132 3.6938 9.5791 0.0494 16.7634 1.3923 
AR_HL_6_133 3.8229 9.5281 0.0558 15.6813 1.3749 
AR_HL_6_134 3.7595 9.5293 0.0556 15.0399 1.3765 
AR_HL_6_135 3.7678 9.5045 0.0498 16.0959 1.3633 
AR_HL_6_136 3.7780 9.4622 0.0505 14.7486 1.3592 
AR_HL_6_137 3.7905 9.4715 0.0565 16.7162 1.3714 
AR_HL_6_155 3.1902 9.9575 0.1588 18.8547 1.5383 
AR_HL_6_156 3.2303 9.9286 0.1272 19.3880 1.5282 
AR_HL_6_157 3.2327 9.8913 0.1376 19.9792 1.5568 
AR_HL_6_158 3.2565 9.9322 0.1147 18.1826 1.5484 
AR_HL_6_159 3.3444 9.8625 0.1047 16.1212 1.4936 
AR_HL_6_160 3.2126 9.9150 0.1155 17.1784 1.5757 
AR_HL_6_161 3.4033 9.7953 0.1546 15.0037 1.4543 
AR_HL_6_162 3.3283 9.9263 0.1170 16.6747 1.5555 
AR_HL_6_163 3.5897 9.7092 0.1024 14.8377 1.3666 
AR_HL_6_164 3.4667 9.7595 0.0978 15.0638 1.4411 
AR_HL_6_165 3.5570 9.6778 0.1296 14.3677 1.3579 
AR_HL_6_166 3.5932 9.6861 0.0995 13.8749 1.3614 
AR_HL_6_167 3.6357 9.6528 0.1715 14.9465 1.3395 
AR_HL_6_168 3.6965 9.6258 0.1996 14.4041 1.3160 
AR_HL_6_169 3.6566 9.5910 0.1054 15.5734 1.3537 
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AR_HL_6_170 3.8064 9.4751 0.1309 15.6830 1.3118 
AR_HL_6_171 3.7329 9.5470 0.1257 15.0766 1.3554 
AR_HL_6_172 3.8036 9.5247 0.1044 14.8031 1.3343 
AR_HL_6_173 3.8003 9.5032 0.1113 14.3230 1.3364 
AR_HL_6_174 3.8416 9.5089 0.1328 14.6888 1.3218 
AR_HL_6_175 3.9104 9.5334 0.0965 15.4892 1.3140 
AR_HL_6_176 3.8933 9.4758 0.1432 16.0538 1.3031 
AR_HL_6_177 3.9037 9.4724 0.1190 15.7289 1.3165 
AR_HL_6_178 3.9080 9.5229 0.1073 18.4538 1.2911 
AR_HL_6_179 3.9620 9.4454 0.1009 19.7390 1.2622 
AR_HL_6_180 3.9032 9.5130 0.0951 19.6563 1.2478 
AR_HL_6_181 3.7140 9.6284 0.1135 19.6718 1.3361 
AR_HL_6_182 3.5201 9.8063 0.1282 19.5517 1.3451 
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Appendix Table 1-3: Geochemical values of the cored modern slope corymbose Acropora colonies. 
Sample Mg/Ca (mmol/mol) 
Sr/Ca 
(mmol/mol) 
Y/Ca 
(µmol/mol) 
Ba/Ca 
(µmol/mol) 
U/Ca 
(µmol/mol) 
AR_HS_3_001 4.1409 9.4160 0.0832 6.7942 1.3932 
AR_HS_3_002 4.2958 9.3952 0.0541 5.6082 1.3425 
AR_HS_3_003 4.0730 9.4608 0.0573 4.7793 1.4153 
AR_HS_3_004 4.0660 9.3993 0.0639 5.6998 1.3843 
AR_HS_3_005 3.9529 9.4066 0.0592 4.7377 1.4158 
AR_HS_3_006 3.8952 9.3981 0.0567 4.5538 1.4159 
AR_HS_3_007 3.8235 9.4207 0.0930 5.4521 1.4995 
AR_HS_3_008 3.5520 9.5690 0.0596 4.7338 1.5718 
AR_HS_3_009 3.6405 9.4981 0.0621 4.6255 1.5223 
AR_HS_3_010 3.8317 9.4892 0.0539 5.1474 1.4532 
AR_HS_3_011 3.9453 9.4279 0.0644 4.3406 1.3811 
AR_HS_3_012 3.9977 9.4259 0.0542 4.4215 1.3614 
AR_HS_3_014 4.1838 9.3911 0.0973 4.6075 1.3378 
AR_HS_3_015 4.1075 9.5116 0.1774 4.7889 1.3637 
AR_HS_3_016 4.4310 9.4170 0.0825 5.8383 1.3414 
AR_HS_3_017 4.4264 9.5107 0.0815 4.5047 1.3391 
AR_HS_3_018 4.1839 9.5331 0.0626 4.6552 1.4025 
AR_HS_3_019 4.0454 9.5353 0.0578 5.0138 1.4907 
AR_HS_3_020 3.8528 9.6453 0.0571 4.7486 1.5859 
AR_HS_3_021 3.8189 9.6702 0.0624 4.9519 1.5638 
AR_HS_3_022 3.8300 9.6801 0.0623 4.7059 1.5620 
AR_HS_3_023 4.1651 9.6532 0.0933 5.0827 1.5970 
AR_HS_3_026 3.7635 9.6761 0.0728 5.3979 1.5527 
AR_HS_3_027 3.6465 9.7103 0.0712 4.8846 1.5640 
AR_HS_3_028 3.6153 9.6252 0.0668 4.8972 1.5496 
AR_HS_3_029 3.6580 9.5860 0.0681 4.6669 1.5191 
AR_HS_3_030 3.6713 9.5415 0.0612 4.5718 1.4915 
AR_HS_3_031 3.7770 9.5535 0.0618 4.8805 1.4524 
AR_HS_3_033 3.9041 9.4391 0.2027 4.7775 1.4161 
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AR_HS_3_034 3.7214 9.4659 0.0546 4.6557 1.4482 
AR_HS_3_035 3.8278 9.4648 0.0603 5.2539 1.4275 
AR_HS_3_036 3.9961 9.4270 0.0645 6.7138 1.4219 
AR_HS_3_037 3.7747 9.5040 0.0573 4.9948 1.4627 
AR_HS_3_038 3.8093 9.4635 0.0588 4.9967 1.4577 
AR_HS_3_039 3.8806 9.3819 0.0662 5.3247 1.4228 
AR_HS_3_040 4.0147 9.3950 0.0882 12.4392 1.4404 
AR_HS_3_041 3.7855 9.5281 0.0811 4.7771 1.4556 
AR_HS_3_042 3.7494 9.5175 0.0795 4.6118 1.4769 
AR_HS_3_043 3.6002 9.4811 0.0770 4.7113 1.4871 
AR_HS_3_044 3.5067 9.6981 0.0751 4.6432 1.5752 
AR_HS_3_045 3.5884 9.6357 0.0822 4.7223 1.5698 
AR_HS_3_046 3.4796 9.6669 0.0887 4.8285 1.6114 
AR_HS_3_047 3.4814 9.6542 0.1464 5.1876 1.5998 
AR_HS_3_048 3.3446 9.7232 0.0783 5.4854 1.6440 
AR_HS_3_049 3.0532 9.6860 0.0787 5.5911 1.6071 
AR_HS_3_050 3.1206 9.6869 0.0788 5.0567 1.5913 
AR_HS_3_051 3.5060 9.7158 0.0881 4.6577 1.6131 
AR_HS_3_052 3.4396 9.6954 0.0863 4.6635 1.5450 
AR_HS_3_053 3.0405 9.7187 0.0696 5.2848 1.4708 
AR_HS_3_054 3.6256 9.6029 0.0869 4.9292 1.4889 
AR_HS_3_055 3.6347 9.4979 0.0843 4.8903 1.4778 
AR_HS_3_056 3.4518 9.5208 0.0787 6.3441 1.3724 
AR_HS_3_057 3.3938 9.4528 0.0673 5.1612 1.3940 
AR_HS_3_058 3.5488 9.3886 0.0714 4.7148 1.4492 
AR_HS_3_059 3.5594 9.4767 0.0755 8.0167 1.4597 
AR_HS_3_061 3.5135 9.5559 0.0635 4.6037 1.5576 
AR_HS_3_062 3.4145 9.7171 0.0662 4.6324 1.6662 
AR_HS_3_063 3.5254 9.6919 0.0684 5.1729 1.6385 
AR_HS_3_064 3.6389 9.7239 0.0685 4.6877 1.5966 
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AR_HS_3_065 3.7109 9.6906 0.0728 4.7405 1.5486 
AR_HS_3_066 3.7277 9.6659 0.0695 4.6513 1.5432 
AR_HS_3_067 3.7744 9.6813 0.0727 5.0700 1.5571 
AR_HS_3_068 3.7689 9.6429 0.0777 5.0202 1.5477 
AR_HS_3_069 3.6648 9.6288 0.0705 5.2782 1.5578 
AR_HS_3_070 3.7566 9.5703 0.0843 6.0016 1.5387 
AR_HS_3_071 3.8716 9.5756 0.0741 4.7602 1.5194 
AR_HS_3_072 3.7255 9.4935 0.0707 4.7044 1.4646 
AR_HS_3_073 3.8612 9.4367 0.0702 4.7671 1.4542 
AR_HS_3_074 3.8796 9.4645 0.0691 5.2430 1.4734 
AR_HS_3_075 3.8759 9.4153 0.0675 5.0643 1.4579 
AR_HS_3_076 3.8788 9.4354 0.0724 5.2211 1.4694 
AR_HS_3_077 3.8018 9.4283 0.0703 4.6086 1.4802 
AR_HS_3_078 3.9000 9.4605 0.0699 4.7084 1.4856 
AR_HS_3_079 3.8770 9.3821 0.0855 5.8376 1.5147 
AR_HS_3_080 3.8891 9.3638 0.0743 8.0719 1.4501 
AR_HS_3_081 3.9552 9.3332 0.0764 4.9832 1.4542 
AR_HS_3_082 3.8550 9.3295 0.0678 4.9449 1.4419 
AR_HS_3_083 3.7326 9.3814 0.1174 4.7493 1.4563 
AR_HS_3_084 3.6915 9.4300 0.0696 5.0165 1.4642 
AR_HS_3_085 3.6755 9.4831 0.0725 5.1144 1.4483 
AR_HS_3_086 3.6295 9.4759 0.0770 5.3420 1.4687 
AR_HS_3_087 3.5620 9.6111 0.0718 4.7668 1.5709 
AR_HS_3_088 3.7101 9.5611 0.0770 5.1574 1.5312 
AR_HS_3_089 3.7575 9.5872 0.0721 5.0479 1.5207 
AR_HS_3_090 3.5903 9.6143 0.0687 4.6297 1.5385 
AR_HS_3_091 3.7498 9.5501 0.0687 5.2277 1.5022 
AR_HS_3_092 3.7465 9.5585 0.0704 4.9200 1.5336 
AR_HS_3_093 3.8015 9.5655 0.0692 5.0564 1.4952 
AR_HS_3_094 3.7929 9.5940 0.0759 4.8978 1.5137 
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AR_HS_3_095 3.6901 9.5894 0.0826 5.2346 1.4724 
AR_HS_3_097 3.5350 9.6913 0.0787 5.3832 1.5555 
AR_HS_3_098 3.5655 9.6017 0.0807 4.8085 1.5035 
AR_HS_3_099 3.4155 9.6644 0.0718 4.5935 1.5064 
AR_HS_3_100 3.4695 9.6021 0.0690 4.3960 1.4740 
AR_HS_3_101 3.5305 9.5084 0.0863 5.1600 1.4197 
AR_HS_3_103 3.6416 9.4307 0.0711 5.1818 1.3798 
AR_HS_3_104 3.8130 9.3998 0.0909 6.8721 1.4301 
AR_HS_3_105 3.5724 9.5103 0.0695 4.8593 1.4717 
AR_HS_3_106 3.4801 9.6410 0.0700 4.6620 1.4777 
AR_HS_3_107 3.6081 9.5682 0.0682 5.9928 1.4654 
AR_HS_3_108 3.6099 9.6277 0.0662 4.6392 1.4027 
AR_HS_3_109 3.9639 9.5767 0.0731 4.7987 1.4477 
AR_HS_3_110 3.8997 9.5904 0.0811 5.0964 1.4210 
AR_HS_3_111 4.1047 9.5969 0.0820 5.1418 1.4196 
AR_HS_3_112 3.8354 9.6412 0.0735 4.8236 1.4837 
AR_HS_3_113 4.1488 9.4942 0.0941 6.9247 1.4410 
AR_HS_3_114 3.8642 9.5938 0.0787 4.9612 1.4754 
AR_HS_3_115 4.4054 9.4237 0.0908 4.6211 1.2694 
AR_HS_3_116 4.6227 9.3970 0.0783 4.5528 1.2004 
AR_HS_3_117 4.1301 9.5575 0.0834 4.6911 1.3725 
AR_HS_3_118 4.2014 9.4559 0.0829 4.6615 1.2531 
AR_HS_3_119 3.7426 9.5698 0.0802 4.8153 1.4322 
AR_HS_3_120 3.8003 9.5189 0.1016 4.9778 1.5278 
AR_HS_3_121 4.0982 9.4545 0.0926 4.9093 1.4092 
AR_HS_5_1 3.2662 10.2003 0.1340 8.2453 1.7977 
AR_HS_5_3 3.3845 10.0485 0.0767 5.5299 1.5940 
AR_HS_5_4 3.3075 10.0986 0.0838 6.7835 1.7385 
AR_HS_5_5 3.3736 9.9775 0.0763 5.6123 1.6006 
AR_HS_5_6 3.2865 10.1609 0.1167 9.4854 1.6221 
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AR_HS_5_7 3.0917 10.1231 0.0675 5.2701 1.7055 
AR_HS_5_8 3.3321 10.0445 0.0911 6.1854 1.6178 
AR_HS_5_9 3.2146 10.0461 0.0964 13.9907 1.7026 
AR_HS_5_10 3.3643 10.0010 0.0881 10.3039 1.6215 
AR_HS_5_11 3.3314 9.9395 0.0760 6.4298 1.6311 
AR_HS_5_12+13 3.3255 9.8846 0.0814 5.1396 1.5930 
AR_HS_5_14 3.3035 9.9440 0.0676 5.2154 1.5790 
AR_HS_5_15 3.2607 10.0413 0.0719 5.9187 1.6016 
AR_HS_5_17 3.1633 10.0459 0.0793 5.6798 1.6684 
AR_HS_5_18+19 3.2276 9.9770 0.0714 5.9542 1.6490 
AR_HS_5_20 3.2072 9.9621 0.0648 4.8927 1.6091 
AR_HS_5_21+22 3.3013 9.9367 0.0681 4.9539 1.5571 
AR_HS_5_23+24 3.4055 9.8059 0.0689 5.1749 1.5346 
AR_HS_5_25 3.3977 9.6965 0.0727 4.7892 1.4912 
AR_HS_5_28+29 3.3979 9.6859 0.0764 5.4433 1.4508 
AR_HS_5_30+31 3.4075 9.5994 0.0768 5.1094 1.4370 
AR_HS_5_32+33 3.5879 9.6509 0.0823 4.8860 1.4315 
AR_HS_5_34 3.4525 9.6636 0.0690 4.8429 1.4747 
AR_HS_5_35 3.1262 9.8080 0.0666 4.8637 1.5572 
AR_HS_5_36+37 3.1812 9.7927 0.0686 7.6261 1.6319 
AR_HS_5_39+40 3.0645 9.9631 0.0697 5.7224 1.6751 
AR_HS_5_41+42 3.0061 9.9317 0.0665 4.7227 1.5826 
AR_HS_5_43+44 3.1958 9.7741 0.0682 5.1878 1.5569 
AR_HS_5_45+46 3.2563 9.6568 0.0665 5.0237 1.4751 
AR_HS_5_47 3.3000 9.6482 0.0913 4.8367 1.4582 
AR_HS_5_48+49 3.4319 9.5587 0.0691 5.4938 1.4028 
AR_HS_5_50+51 3.3412 9.6737 0.0707 5.1206 1.4207 
AR_HS_5_54 3.4365 9.6854 0.0800 5.2639 1.5201 
AR_HS_5_55+56 3.0198 10.0000 0.0760 5.3704 1.6425 
AR_HS_5_57 3.0475 9.9094 0.0687 8.4260 1.6140 
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AR_HS_5_58+59 3.1374 9.7534 0.0739 5.3727 1.5399 
AR_HS_5_60+61 3.2602 9.6676 0.0734 4.8074 1.4554 
AR_HS_5_62 3.2354 9.6535 0.0796 4.3461 1.4471 
AR_HS_5_64+65+66 3.3823 9.6150 0.0679 4.7663 1.4461 
AR_HS_5_67+68 3.3140 9.6298 0.0675 4.9984 1.5212 
AR_HS_5_70+71 3.3356 9.7305 0.0686 4.8152 1.5325 
AR_HS_5_72+73 3.3432 9.7421 0.0784 4.7261 1.5547 
AR_HS_5_74 3.2891 9.8537 0.0683 4.8505 1.5838 
AR_HS_5_75 3.3865 9.8013 0.0684 5.0055 1.5853 
AR_HS_6_001 4.4406 9.5571 0.0681 8.3484 1.4246 
AR_HS_6_002 4.1408 9.5754 0.0678 6.2515 1.3972 
AR_HS_6_003 3.9619 9.4997 0.0682 5.4716 1.3716 
AR_HS_6_004 4.3601 9.4394 0.0619 5.0253 1.3503 
AR_HS_6_005 4.2489 9.4376 0.0641 4.9706 1.3494 
AR_HS_6_006 4.2030 9.4872 0.0637 4.9429 1.4238 
AR_HS_6_009 3.9796 9.5319 0.0675 5.9857 1.5210 
AR_HS_6_010 4.1877 9.3923 0.0639 5.6566 1.4299 
AR_HS_6_011 3.9235 9.7581 0.0811 6.4884 1.5383 
AR_HS_6_012 3.5582 9.8822 0.0630 4.8844 1.6212 
AR_HS_6_013 3.5861 9.8066 0.0667 4.5563 1.5999 
AR_HS_6_015 3.8525 9.6550 0.0631 5.2617 1.4834 
AR_HS_6_016 3.9573 9.5878 0.0615 4.8544 1.4012 
AR_HS_6_017 3.7979 9.6000 0.0666 4.8784 1.4024 
AR_HS_6_018 3.7601 9.6369 0.0622 4.7480 1.4022 
AR_HS_6_019 3.8743 9.5351 0.0636 4.9247 1.3777 
AR_HS_6_020 4.1791 9.3502 0.0636 5.2064 1.3163 
AR_HS_6_021 4.2007 9.3316 0.0676 5.1784 1.3892 
AR_HS_6_022 4.0370 9.4939 0.0663 5.2363 1.4654 
AR_HS_6_023 4.1058 9.5263 0.0678 5.5508 1.4302 
AR_HS_6_024 4.8892 9.5495 0.0659 5.2151 1.5074 
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AR_HS_6_025 3.8215 9.6396 0.0649 5.0470 1.4560 
AR_HS_6_026 3.5502 9.7175 0.0638 5.1377 1.4688 
AR_HS_6_027 3.4586 9.7459 0.0612 4.7031 1.4947 
AR_HS_6_028 3.2662 9.8623 0.0695 4.8942 1.5092 
AR_HS_6_029 3.1852 9.8453 0.0677 4.8302 1.5140 
AR_HS_6_030 3.9333 9.8140 0.0752 4.7177 1.5110 
AR_HS_6_031 3.4129 9.7363 0.0653 5.0993 1.4594 
AR_HS_6_032 3.5760 9.6855 0.0661 5.0622 1.4841 
AR_HS_6_033 3.4962 9.6974 0.0646 5.4546 1.4765 
AR_HS_6_034 4.1350 9.6131 0.0992 4.6496 1.4381 
AR_HS_6_035 3.8003 9.7285 0.0707 4.5659 1.4644 
AR_HS_6_037 4.0551 9.6207 0.0672 5.4012 1.3852 
AR_HS_6_038 3.9294 9.6345 0.0682 4.7233 1.3838 
AR_HS_6_039 3.9504 9.6932 0.0723 5.2842 1.4828 
AR_HS_6_040 3.8881 9.6405 0.0752 5.2872 1.4921 
AR_HS_6_041 4.0182 9.7007 0.0735 5.5908 1.4888 
AR_HS_6_042 3.9440 9.7892 0.0770 5.1859 1.5934 
AR_HS_6_043 3.8253 9.8350 0.1199 5.7886 1.5812 
AR_HS_6_044 4.1155 9.7201 0.0684 5.5929 1.5503 
AR_HS_6_045 4.3858 9.8948 0.0752 7.6628 1.6380 
AR_HS_6_046 3.6096 9.9741 0.0636 4.9945 1.6211 
AR_HS_6_047 3.6394 9.9589 0.1114 4.9655 1.6566 
AR_HS_6_048 3.9417 9.8418 0.1086 5.1388 1.6017 
AR_HS_6_049 3.9371 9.8127 0.0655 6.6260 1.5871 
AR_HS_6_050 3.7049 9.8211 0.1081 5.2209 1.5493 
AR_HS_6_051 3.4550 9.8682 0.0970 5.3515 1.5508 
AR_HS_6_052 4.0516 9.6882 0.0233 5.5558 1.4769 
AR_HS_6_054 4.0279 9.5538 0.1022 5.1853 1.3983 
AR_HS_6_055 4.0786 9.5062 0.1042 5.2057 1.4043 
AR_HS_6_056 4.0570 9.5968 0.0557 5.1398 1.4383 
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AR_HS_6_057 3.8887 9.6172 0.0543 6.0599 1.4216 
AR_HS_6_058 3.9357 9.7045 0.0554 5.9333 1.4679 
AR_HS_6_059 5.0586 9.6088 0.0059 7.1200 1.4708 
AR_HS_6_060 3.7781 9.6194 0.0876 5.1923 1.4903 
AR_HS_6_061 4.2057 9.6288 0.0289 5.4380 1.4975 
AR_HS_6_062 3.9478 9.5900 0.0894 5.1147 1.4467 
AR_HS_6_063 5.0090 9.5037 0.1290 4.9688 1.4685 
AR_HS_6_064 3.7982 9.7748 0.0991 4.7951 1.4923 
AR_HS_6_065 3.5504 9.7113 0.0982 5.0133 1.4968 
AR_HS_6_066 3.9069 9.7225 0.1048 5.9446 1.5028 
AR_HS_6_067 3.5988 9.6282 0.0181 5.0370 1.5126 
AR_HS_6_069 3.5593 9.6699 0.0918 4.7883 1.4754 
AR_HS_6_071 3.9102 9.6209 0.0498 4.5450 1.3603 
AR_HS_6_072 3.9017 9.7086 0.0900 4.7503 1.4123 
AR_HS_6_073 3.8889 9.6286 0.1182 6.2143 1.4301 
AR_HS_6_074 3.7716 9.6715 0.1273 4.6631 1.4441 
AR_HS_6_075 3.7521 9.7036 0.1560 4.8219 1.4541 
AR_HS_6_076 3.8063 9.6384 0.1652 4.2704 1.4551 
AR_HS_6_077 3.6425 9.6598 0.0989 4.1766 1.4315 
AR_HS_6_078 3.6367 9.6059 0.1037 4.0404 1.4107 
AR_HS_6_079 3.4383 9.7228 0.1351 5.5482 1.4709 
AR_HS_6_080 3.5081 9.6788 0.1181 5.2813 1.4318 
AR_HS_6_081 3.3909 9.7388 0.0989 4.9827 1.4640 
AR_HS_6_082 3.4875 9.6629 0.1062 5.5954 1.4673 
AR_HS_6_083 3.5520 9.6036 0.1062 5.6770 1.3852 
AR_HS_6_084 3.4583 9.5447 0.0973 5.4628 1.4095 
AR_HS_6_085 3.4122 9.6433 0.1090 5.4106 1.4481 
AR_HS_6_086 3.3184 9.6482 0.0996 5.0689 1.4918 
AR_HS_6_087 3.3433 9.7313 0.1027 5.6089 1.4982 
AR_HS_6_088 3.4136 9.6380 0.1544 5.2285 1.4694 
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AR_HS_6_089 3.4037 9.7226 0.1185 5.0771 1.4972 
AR_HS_6_090 3.3941 9.7416 0.1317 5.8306 1.4960 
AR_HS_6_091 3.3624 9.7969 0.1455 5.4590 1.4891 
AR_HS_6_092 3.3771 9.7678 0.1182 5.3377 1.5446 
AR_HS_6_093 3.3890 9.7982 0.1071 5.3462 1.5041 
AR_HS_6_094 3.4062 9.8152 0.1093 5.4701 1.5134 
AR_HS_6_095 3.3804 9.7457 0.1243 5.0804 1.4543 
AR_HS_6_096 3.5045 9.7115 0.1172 5.1045 1.4172 
AR_HS_6_097 3.3908 9.6997 0.1423 4.7251 1.3736 
AR_HS_6_098 3.4117 9.7098 0.1146 4.8323 1.4454 
AR_HS_6_099 3.3584 9.7089 0.1087 4.8019 1.4242 
AR_HS_6_100 3.3938 9.7068 0.1093 4.9370 1.4120 
AR_HS_6_101 3.3719 9.6162 0.0988 5.0391 1.3977 
AR_HS_6_102 3.4592 9.5780 0.3093 6.4472 1.3823 
AR_HS_6_103 3.4089 9.6517 0.1683 5.6098 1.3929 
AR_HS_6_104 3.3370 9.6206 0.1260 5.4595 1.4052 
AR_HS_6_106 3.3530 9.6091 0.2640 5.8301 1.4472 
AR_HS_6_107 3.3189 9.5982 0.1115 5.8133 1.4558 
AR_HS_6_109 3.3486 9.6389 0.1338 5.4270 1.4504 
AR_HS_6_110 3.4423 9.6387 0.1620 5.4829 1.5006 
AR_HS_6_111 3.3943 9.7085 0.1101 5.4773 1.4711 
AR_HS_6_112 3.4758 9.7677 0.1739 5.5068 1.4867 
AR_HS_6_113 3.3600 9.7456 0.1222 5.8678 1.5095 
AR_HS_6_114 3.2658 9.8089 0.1380 5.4741 1.5352 
AR_HS_6_115 3.2769 9.8293 0.1063 5.5932 1.5513 
AR_HS_6_116 3.3661 9.7608 0.1177 5.9742 1.5391 
  
Appendix 1: Acropora geochemistry 
259 
A 1.2 Modern corymbose Acropora geochemistry datasets – low sensitivity 
Initial analyses of inter-branch skeletal trace element geochemistry were later noted to contain 
concentrations too low for reliable ICP-MS analyses, thus re-sampling was conducted and these 
datasets were not used in the thesis. 
 
Appendix Table 1-4: Geochemical values of cored modern lagoon corymbose Acropora colonies, 
with sensitivity errors in ICP-MS analysis. 
Sample Mg/Ca (mmol/mol) 
Sr/Ca 
(mmol/mol) 
Y/Ca 
(µmol/mol) 
Ba/Ca 
(µmol/mol) 
U/Ca 
(µmol/mol) 
AR_HL_3_1 4.3010 9.2014 0.0881 17.4794 1.6695 
AR_HL_3_2 3.7919 9.3422 0.0686 4.3742 1.4922 
AR_HL_3_3 3.8632 9.2791 0.0733 5.1437 1.6495 
AR_HL_3_4 3.8681 9.2993 0.0725 4.8280 1.4454 
AR_HL_3_5 4.0840 9.2617 0.1035 10.9978 1.4780 
AR_HL_3_6 3.9992 9.2689 0.0755 6.0993 1.6447 
AR_HL_3_7 4.0623 9.2189 0.0711 6.7736 1.5384 
AR_HL_3_8 3.9839 9.2490 0.0736 4.6154 1.4803 
AR_HL_3_9 3.9491 9.3387 0.0722 7.0440 1.6329 
AR_HL_3_10 4.2302 9.2087 0.0762 5.4239 1.5321 
AR_HL_3_11 4.0541 9.3269 0.0681 5.7025 1.7568 
AR_HL_3_12 4.2356 9.2467 0.0668 7.0860 1.5594 
AR_HL_3_13 4.2040 9.2990 0.0750 17.3192 1.5448 
AR_HL_3_14 4.1791 9.2872 0.0746 6.0671 1.5499 
AR_HL_3_15 4.2189 9.2484 0.0721 6.8123 1.4532 
AR_HL_3_16 4.0115 9.3829 0.0706 6.6010 1.6369 
AR_HL_3_17 4.1968 9.3575 0.0793 6.8793 1.5308 
AR_HL_3_18 4.2518 9.2938 0.0777 5.7652 1.4462 
AR_HL_3_19 4.1249 9.3862 0.0792 6.4008 1.5376 
AR_HL_3_20 3.9102 9.4702 0.0694 4.8037 1.5734 
AR_HL_3_21 4.0299 9.3863 0.0747 5.1637 1.5598 
AR_HL_3_22 3.9981 9.4153 0.0781 5.2215 1.6226 
AR_HL_3_23 4.0307 9.3342 0.0777 5.3429 1.5154 
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AR_HL_3_24 3.8935 9.4389 0.0730 5.1161 1.6261 
AR_HL_3_25 3.8708 9.3754 0.0726 4.5757 1.5675 
AR_HL_3_26 3.8888 9.3808 0.0717 4.8585 1.6332 
AR_HL_3_27 3.8668 9.4225 0.0795 6.9590 1.5397 
AR_HL_3_28 17.4625 9.1544 0.1725 6.1669 1.5969 
AR_HL_3_29 3.9606 9.3197 0.0866 6.4349 1.6038 
AR_HL_3_30 3.9028 9.3268 0.0806 5.0810 1.6041 
AR_HL_3_31 4.9924 9.1718 0.1531 24.6874 1.5819 
AR_HL_3_32 4.6875 9.2441 0.0838 6.0815 1.5538 
AR_HL_3_33 4.6813 9.2160 0.1292 6.7211 1.5589 
AR_HL_3_34 3.8310 9.3162 0.0794 4.6488 1.6317 
AR_HL_3_35 3.7633 9.2744 0.0764 6.9570 1.6858 
AR_HL_3_36 3.7630 9.3160 0.0719 4.4096 1.6008 
AR_HL_3_37 4.3181 9.3142 0.0941 6.8901 1.5333 
AR_HL_3_38 3.9149 9.2849 0.0790 5.3140 1.5834 
AR_HL_3_39 3.8302 9.2580 0.0719 13.8133 1.4653 
AR_HL_3_40 3.9595 9.2209 0.0783 5.2743 1.5391 
AR_HL_3_41 4.1143 9.2318 0.0976 9.4513 1.5742 
AR_HL_3_42 3.7144 9.3445 0.0762 4.6167 1.5813 
AR_HL_3_43 4.0772 9.1394 0.1418 7.0853 1.5390 
AR_HL_3_44 3.7470 9.2918 0.0758 5.0167 1.5503 
AR_HL_3_45 3.7215 9.3335 0.0737 4.1461 1.5776 
AR_HL_3_46 3.8747 9.1957 0.0866 6.2020 1.5917 
AR_HL_3_47 3.7855 9.2828 0.0832 4.9097 1.5847 
AR_HL_3_48 4.2389 9.2009 0.0696 7.7833 1.5308 
AR_HL_3_49 3.9276 9.2835 0.0860 7.6767 1.5826 
AR_HL_3_50 3.9082 9.3916 0.0676 4.8838 1.4918 
AR_HL_3_51 4.0459 9.2589 0.0722 315.6892 1.5318 
AR_HL_3_52 3.8941 9.4281 0.0736 6.8930 1.5685 
AR_HL_3_53 3.9808 9.4035 0.0751 6.2558 1.5977 
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AR_HL_3_54 3.7424 9.4466 0.0738 5.3498 1.5863 
AR_HL_3_55 4.3876 9.1825 0.0958 6.6814 1.4244 
AR_HL_3_56 4.2127 9.3375 0.1067 12.5660 1.5149 
AR_HL_3_57 3.7551 9.4402 0.0754 6.0267 1.5834 
AR_HL_3_58 4.0369 9.3827 0.0696 5.5749 1.5632 
AR_HL_3_59 3.7302 9.5776 0.0749 7.3456 1.6384 
AR_HL_3_60 3.5849 9.6316 0.0953 6.1488 1.6813 
AR_HL_3_61 3.6782 9.5442 0.0734 5.3232 1.6637 
AR_HL_3_62 3.8883 9.4935 0.0824 6.2456 1.5624 
AR_HL_3_63 3.7121 9.4863 0.0728 4.7657 1.5758 
AR_HL_3_64 3.7353 9.4526 0.0696 4.4424 1.5188 
AR_HL_3_65 3.7116 9.4450 0.0767 4.9183 1.6538 
AR_HL_3_66 3.8767 9.4672 0.0664 4.4379 1.6161 
AR_HL_3_67 3.7110 9.4890 0.0734 4.1658 1.5371 
AR_HL_3_68 8.2737 9.3529 0.0783 38.1811 1.5564 
AR_HL_3_69 3.6208 9.4613 0.0640 4.8037 1.4915 
AR_HL_3_70 3.5378 9.4311 0.0752 4.8477 1.5456 
AR_HL_3_71 3.6602 9.4693 0.0741 5.3649 1.5080 
AR_HL_3_72 3.8660 9.3461 0.0852 6.6850 1.5536 
AR_HL_3_73 3.7373 9.3293 0.0751 7.2031 1.5688 
AR_HL_3_74 4.0866 9.2985 0.1062 5.4528 1.4928 
AR_HL_3_75 4.1979 9.2851 0.0668 14.4250 1.5678 
AR_HL_3_76 3.9158 9.3786 0.0775 14.0890 1.6512 
AR_HL_3_77 4.0927 9.3710 0.1003 14.9034 1.6618 
AR_HL_3_78 3.5982 9.5311 0.0767 5.3750 1.7182 
AR_HL_3_79 3.6205 9.5548 0.0700 7.8617 1.7196 
AR_HL_3_80 3.7429 9.3428 0.0758 7.5907 1.6405 
AR_HL_3_81 3.6819 9.4989 0.0781 15.6742 1.6044 
AR_HL_3_82 3.5466 9.6153 0.0768 4.9097 1.6785 
AR_HL_3_83 3.6773 9.5397 0.0778 4.9514 1.6816 
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AR_HL_3_84 3.7658 9.5043 0.0818 11.9189 1.6123 
AR_HL_3_85 3.8654 9.5759 0.1037 6.8248 1.6280 
AR_HL_3_86 3.6191 9.6349 0.0728 4.6203 1.6182 
AR_HL_3_87 3.8294 9.4284 0.0721 8.6811 1.5250 
AR_HL_3_88 3.8654 9.4012 0.0724 4.2285 1.5565 
AR_HL_3_89 3.9436 9.3799 0.0804 7.6563 1.4388 
AR_HL_3_90 3.6731 9.4078 0.0698 4.4214 1.5925 
AR_HL_3_91 3.7125 9.3933 0.0707 4.3748 1.6066 
AR_HL_3_92 4.0444 9.3183 0.0838 5.0088 1.6009 
AR_HL_4_226 3.6177 9.4241 0.0677 4.7654 1.3613 
AR_HL_4_224 3.4052 9.6242 0.0780 5.0573 1.4581 
AR_HL_4_222 3.3612 9.7599 0.0715 6.7383 1.5716 
AR_HL_4_221 3.4766 9.6768 0.0710 6.5708 1.5885 
AR_HL_4_220 3.4651 9.6093 0.0809 4.6885 1.5311 
AR_HL_4_219 3.6149 9.6719 0.0793 5.6049 1.5825 
AR_HL_4_218 3.8088 9.5789 0.0803 4.5827 1.3668 
AR_HL_4_217 4.1001 9.5950 0.0761 4.6829 1.3814 
AR_HL_4_214 3.9738 9.5908 0.0741 8.3731 1.4093 
AR_HL_4_213 4.3038 9.4814 0.0883 8.6219 1.3882 
AR_HL_4_212 4.0826 9.5387 0.0854 7.3433 1.3912 
AR_HL_4_210 4.5179 9.4746 0.0791 4.1001 1.4051 
AR_HL_4_208 4.0629 9.4276 0.0774 3.4127 1.3098 
AR_HL_4_194 3.6233 9.4826 0.0774 4.1390 1.4128 
AR_HL_4_193 3.9011 9.3679 0.0882 4.6264 1.4027 
AR_HL_4_192 3.6170 9.5677 0.0803 5.8462 1.4998 
AR_HL_4_191 3.4322 9.6686 0.0859 4.6315 1.5755 
AR_HL_4_190 3.4301 9.6326 0.0740 4.1977 1.5399 
AR_HL_4_189 3.4225 9.6785 0.0815 4.8507 1.5343 
AR_HL_4_188 3.7225 9.6737 0.0849 5.8779 1.4588 
AR_HL_4_187 3.4133 9.7705 0.0826 5.6318 1.5613 
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AR_HL_4_186 3.3895 9.8334 0.0817 7.2834 1.5632 
AR_HL_4_185 3.4141 9.7063 0.0770 4.9663 1.5245 
AR_HL_4_184 3.4940 9.7125 0.0855 5.0889 1.4736 
AR_HL_4_183 3.5013 9.6509 0.0770 4.7297 1.4979 
AR_HL_4_182 3.8379 9.5687 0.0787 4.4962 1.4456 
AR_HL_4_181 3.7572 9.5584 0.0765 7.9950 1.3982 
AR_HL_4_176 3.5455 9.4951 0.0746 4.2475 1.4687 
AR_HL_4_175 3.5048 9.4937 0.0734 4.0893 1.5069 
AR_HL_4_174 3.5914 9.4242 0.0783 4.2391 1.4602 
AR_HL_4_173 3.8186 9.4233 0.0772 6.1238 1.3846 
AR_HL_4_172 3.8918 9.3813 0.0925 6.7092 1.3620 
AR_HL_4_171 3.7860 9.4025 0.0678 4.6309 1.3618 
AR_HL_4_170 3.5742 9.3857 0.0741 3.8358 1.4129 
AR_HL_4_165 3.7300 9.3849 0.0816 3.6444 1.3523 
AR_HL_4_164 4.1244 9.3609 0.0958 4.0831 1.4254 
AR_HL_4_160 3.2893 9.6371 0.0886 4.7784 1.5527 
AR_HL_4_155 3.4373 9.8172 0.0881 6.8937 1.5392 
AR_HL_4_154 3.4687 9.7974 0.0811 4.1624 1.5015 
AR_HL_4_152 3.4891 9.7053 0.0917 5.2529 1.5766 
AR_HL_4_151 3.2569 9.5397 0.0886 4.1697 1.5626 
AR_HL_4_149 3.6337 9.4810 0.0797 5.2782 1.4616 
AR_HL_4_148 3.5885 9.3631 0.0671 3.6226 1.3992 
AR_HL_4_146 3.7409 9.3568 0.0756 4.1657 1.3717 
AR_HL_4_139 4.5988 9.3930 0.0762 4.5476 1.3990 
AR_HL_4_138 3.8276 9.3693 0.0717 4.4637 1.3778 
AR_HL_4_137 3.9812 9.2628 0.0663 4.2604 1.3596 
AR_HL_4_136 3.9753 9.2998 0.0721 4.2105 1.3530 
AR_HL_4_134 3.9348 9.3312 0.0747 5.3912 1.2490 
AR_HL_4_133 4.0062 9.3338 0.0772 5.1868 1.2284 
AR_HL_4_132 3.9642 9.3424 0.0727 3.9995 1.2300 
Appendix 1: Acropora geochemistry 
264 
AR_HL_4_131 3.9219 9.2973 0.0798 4.4105 1.2111 
AR_HL_4_130 3.6996 9.4167 0.0799 4.4974 1.3008 
AR_HL_4_129 3.7894 9.4123 0.0669 6.3904 1.2643 
AR_HL_4_128 3.8280 9.3685 0.0750 6.0492 1.2681 
AR_HL_4_127 3.7468 9.4624 0.0822 8.0146 1.3215 
AR_HL_4_126 3.7019 9.4111 0.0942 4.7366 1.3498 
AR_HL_4_125 3.6475 9.5640 0.0787 4.2765 1.4115 
AR_HL_4_124 3.6095 9.4846 0.0700 3.8312 1.3720 
AR_HL_4_123 3.5097 9.5812 0.0878 5.3133 1.4458 
AR_HL_4_122 3.6190 9.6225 0.0949 5.2670 1.4149 
AR_HL_4_121 3.5370 9.6433 0.0665 4.0486 1.4200 
AR_HL_4_120 3.4576 9.5929 0.0766 4.6916 1.4406 
AR_HL_4_119 3.5687 9.6461 0.0900 8.4814 1.4455 
AR_HL_4_118 3.4405 9.6475 0.0850 5.2623 1.4743 
AR_HL_4_117 3.3630 9.7319 0.0859 5.5751 1.5245 
AR_HL_4_116 3.3120 9.7016 0.0902 4.2017 1.5032 
AR_HL_4_115 3.3680 9.7147 0.0855 5.8800 1.5306 
AR_HL_4_114 3.3511 9.7934 0.0850 4.3488 1.5177 
AR_HL_4_113 3.3587 9.7650 0.0741 4.2549 1.4741 
AR_HL_4_112 3.3583 9.7321 0.0801 3.9504 1.4514 
AR_HL_4_110 3.4828 9.6240 0.0770 5.6527 1.4180 
AR_HL_4_109 3.8064 9.4456 0.0794 6.3920 1.3708 
AR_HL_4_108 3.6957 9.3707 0.0700 4.1297 1.3489 
AR_HL_4_106 3.9004 9.4157 0.0860 6.5551 1.3244 
AR_HL_4_105 3.6570 9.4024 0.0727 3.4437 1.3231 
AR_HL_4_104 3.5401 9.4241 0.0842 4.5935 1.4146 
AR_HL_4_103 3.4025 9.4106 0.0822 5.7931 1.4227 
AR_HL_4_102 3.4317 9.4150 0.0746 4.1783 1.3980 
AR_HL_4_101 3.4189 9.4114 0.0804 4.0679 1.4151 
AR_HL_4_100 3.5411 9.4695 0.0683 3.9298 1.3717 
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AR_HL_4_99 3.4692 9.4800 0.0753 6.3575 1.4091 
AR_HL_4_98 3.4277 9.5773 0.0803 4.0240 1.4074 
AR_HL_4_97 3.4557 9.6065 0.0769 4.0632 1.3948 
AR_HL_4_96 3.4103 9.5968 0.0794 4.3171 1.4621 
AR_HL_4_95 3.4262 9.6799 0.0879 6.4523 1.5491 
AR_HL_4_94 3.4165 9.6982 0.1131 5.2827 1.5249 
AR_HL_4_93 3.2376 9.7744 0.0841 5.1229 1.5446 
AR_HL_4_92 3.3846 9.7507 0.0953 6.4714 1.5460 
AR_HL_4_89 3.2534 9.7504 0.0861 4.7857 1.5151 
AR_HL_4_88 3.2985 9.6780 0.0878 4.6830 1.4523 
AR_HL_4_87 3.4247 9.6891 0.1023 6.1062 1.4826 
AR_HL_4_85 3.3457 9.6525 0.0849 4.7250 1.4034 
AR_HL_4_83 3.4561 9.5042 0.0777 3.8766 1.4484 
AR_HL_4_80 3.5505 9.4856 0.0794 4.1394 1.4047 
AR_HL_4_78 3.6221 9.4105 0.0837 3.8568 1.4088 
AR_HL_4_77 3.6232 9.4486 0.0763 4.0214 1.3661 
AR_HL_4_76 3.6344 9.3870 0.0687 3.6394 1.2593 
AR_HL_4_75 3.7487 9.4386 0.0796 5.2612 1.3176 
AR_HL_4_74 3.7872 9.4216 0.0766 3.8655 1.2553 
AR_HL_4_73 3.6094 9.4483 0.0682 4.6442 1.2941 
AR_HL_4_72 3.6159 9.4724 0.0790 3.8148 1.2877 
AR_HL_4_70 3.7236 9.5543 0.0893 4.8196 1.3651 
AR_HL_4_69 3.6630 9.5413 0.0849 3.8508 1.2877 
AR_HL_4_68 3.7065 9.4916 0.0880 9.3428 1.3841 
AR_HL_4_67 3.5490 9.5791 0.0815 3.8975 1.3687 
AR_HL_4_66 3.3011 9.7294 0.0909 4.3770 1.5524 
AR_HL_4_65 3.4468 9.7526 0.0830 6.3428 1.4774 
AR_HL_4_63 3.3047 9.7717 0.0795 4.7988 1.5001 
AR_HL_4_61 4.1287 9.7698 0.0910 5.9838 1.5664 
AR_HL_4_60 3.4983 9.7576 0.0888 8.0817 1.5314 
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AR_HL_4_59 3.3566 9.7495 0.0895 4.2973 1.5047 
AR_HL_4_58 3.3623 9.6276 0.0856 3.7017 1.4838 
AR_HL_4_57 3.3385 9.5687 0.0817 5.0134 1.4595 
AR_HL_4_56 3.4313 9.6806 0.0864 4.0068 1.4492 
AR_HL_4_55 3.5335 9.4876 0.0819 4.9128 1.3780 
AR_HL_4_54 3.5924 9.5125 0.0803 5.0239 1.3483 
AR_HL_4_52 3.8649 9.3529 0.1031 7.9242 1.3840 
AR_HL_4_51 3.7692 9.4647 0.0735 3.8710 1.3666 
AR_HL_4_50 3.4186 9.5912 0.0837 3.0046 1.5139 
AR_HL_4_49 3.5017 9.5295 0.0688 4.1757 1.4493 
AR_HL_4_46 4.3922 9.6567 0.0919 3.6581 1.5495 
AR_HL_4_45 3.3996 9.7195 0.0844 5.4745 1.5356 
AR_HL_4_44 3.3047 9.7436 0.0861 4.7649 1.5777 
AR_HL_4_42 3.6027 9.6244 0.0908 5.5838 1.5145 
AR_HL_4_41 3.7872 9.6529 0.0933 5.3476 1.4764 
AR_HL_4_40 4.4741 9.2479 0.1130 8.7020 1.3310 
AR_HL_4_39 4.6824 9.2890 0.1190 8.9045 1.2582 
AR_HL_4_38 4.2814 9.3865 0.1037 5.5063 1.2238 
AR_HL_4_37 4.3806 9.3798 0.0896 3.6369 1.2707 
AR_HL_4_35 3.9610 9.3340 0.0822 4.7025 1.2879 
AR_HL_4_34 3.8333 9.4166 0.0818 3.3559 1.2963 
AR_HL_4_33 3.8776 9.3594 0.0832 3.9522 1.3280 
AR_HL_4_32 3.6410 9.4466 0.0734 2.9399 1.3805 
AR_HL_4_29 3.7261 9.4517 0.0826 4.2878 1.4010 
AR_HL_4_28 3.5244 9.6459 0.0789 3.8239 1.4594 
AR_HL_4_27 4.0193 9.4606 0.0972 5.4525 1.4325 
AR_HL_4_26 3.7737 9.5888 0.0873 4.2229 1.4344 
AR_HL_4_25 3.6559 9.5621 0.0807 4.6262 1.4203 
AR_HL_4_24 3.4868 9.6906 0.0882 4.6980 1.4970 
AR_HL_4_23 3.4661 9.7652 0.0859 4.4627 1.3897 
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AR_HL_4_22 3.6453 9.6606 0.0797 7.8635 1.3685 
AR_HL_4_20 3.9012 9.5861 0.0811 4.9242 1.3919 
AR_HL_4_19 4.2738 9.4829 0.0822 5.2658 1.3651 
AR_HL_4_18 4.2441 9.4980 0.1054 6.2775 1.4869 
AR_HL_4_17 3.9091 9.3887 0.0775 3.8598 1.3656 
AR_HL_4_16 3.8312 9.3738 0.0825 3.7045 1.3513 
AR_HL_4_15 3.8946 9.2724 0.0737 3.2783 1.2307 
AR_HL_4_14 3.8675 9.3512 0.0688 3.2576 1.2583 
AR_HL_4_13 3.9315 9.3673 0.0791 3.2241 1.2792 
AR_HL_4_12 3.7518 9.4569 0.0738 5.8514 1.3331 
AR_HL_4_11 3.8271 9.2590 0.0851 5.1670 1.2946 
AR_HL_4_10 3.9703 9.2489 0.0897 4.9300 1.2422 
AR_HL_4_9 3.8148 9.2738 0.0729 3.5737 1.2328 
AR_HL_4_8 3.7652 9.3111 0.0903 3.8607 1.3248 
AR_HL_4_7 3.9005 9.2964 0.0812 3.4359 1.2398 
AR_HL_4_6 3.7690 9.4115 0.0778 3.8456 1.3460 
AR_HL_4_5 3.6407 9.4539 0.0913 4.9877 1.4240 
AR_HL_4_4 4.1300 9.3634 0.0950 4.4169 1.3799 
AR_HL_4_3 3.3140 9.7171 0.1034 4.8608 1.6127 
AR_HL_4_2 3.7611 9.6860 0.1036 4.4756 1.6491 
AR_HL_6_001 4.6539 9.3215 0.0977 29.1860 1.3837 
AR_HL_6_002 4.6287 9.3366 0.0887 25.6479 1.2897 
AR_HL_6_003 4.7065 9.3305 0.0902 25.1255 1.3260 
AR_HL_6_004 4.9042 9.5659 0.1162 26.9625 1.1686 
AR_HL_6_005 4.5426 9.5639 0.1261 26.1428 1.1788 
AR_HL_6_006 4.6944 9.4582 0.1001 24.9250 1.1877 
AR_HL_6_007 4.0066 9.6184 0.0824 20.7352 1.3412 
AR_HL_6_008 4.3150 9.5041 0.0915 20.8836 1.2834 
AR_HL_6_009 4.5143 9.6487 0.0884 27.2263 1.2328 
AR_HL_6_010 4.3324 9.5763 0.1421 24.6497 1.2672 
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AR_HL_6_011 4.2213 9.8537 0.0892 24.7915 1.1657 
AR_HL_6_012 4.2817 10.1441 0.0916 26.2287 1.0754 
AR_HL_6_013 4.3038 10.0742 0.0924 22.8711 1.1074 
AR_HL_6_014 3.9321 9.6828 0.1080 28.5619 1.2540 
AR_HL_6_015 4.0859 9.6125 0.1067 24.7278 1.2951 
AR_HL_6_016 4.0658 9.6158 0.1076 26.5579 1.2785 
AR_HL_6_017 4.4259 9.8330 0.1056 28.7984 1.2597 
AR_HL_6_018 3.6982 9.9650 0.1116 22.4157 1.3728 
AR_HL_6_019 3.5881 10.0097 0.0900 24.8249 1.3538 
AR_HL_6_020 3.5195 10.1183 0.0893 22.2775 1.3344 
AR_HL_6_021 3.5802 10.0759 0.0951 23.4680 1.3645 
AR_HL_6_022 3.3621 9.8802 0.0823 20.2023 1.5365 
AR_HL_6_023 3.3917 9.8650 0.0841 19.8049 1.5186 
AR_HL_6_024 3.4086 9.6072 0.0913 22.2480 1.5546 
AR_HL_6_025 3.3806 9.5400 0.0799 22.0160 1.5454 
AR_HL_6_026 3.4628 9.6099 0.0843 20.1055 1.5616 
AR_HL_6_027 3.5916 9.4543 0.0895 24.4754 1.4972 
AR_HL_6_028 3.5264 9.5449 0.0893 18.7831 1.5059 
AR_HL_6_029 3.6296 9.3938 0.0770 16.9616 1.4609 
AR_HL_6_030 3.6863 9.3456 0.0948 19.1290 1.4782 
AR_HL_6_031 3.8826 9.2909 0.0815 27.2355 1.4218 
AR_HL_6_032 3.7912 9.3623 0.0776 18.2672 1.4109 
AR_HL_6_033 3.8205 9.3635 0.0806 18.0868 1.4019 
AR_HL_6_034 3.9376 9.3285 0.0782 19.7958 1.4028 
AR_HL_6_035 3.8409 9.3414 0.0752 17.9092 1.3671 
AR_HL_6_036 4.1854 9.1549 0.0902 22.4459 1.3871 
AR_HL_6_037 3.9422 9.1537 0.0824 18.0848 1.3459 
AR_HL_6_038 3.8271 9.1890 0.0808 17.1765 1.3710 
AR_HL_6_039 4.0982 9.1277 0.0757 16.5599 1.3506 
AR_HL_6_040 4.0198 9.1570 0.1103 17.7714 1.3959 
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AR_HL_6_041 3.9908 9.1417 0.0807 18.6335 1.3782 
AR_HL_6_042 3.8565 9.1935 0.0732 18.1225 1.3916 
AR_HL_6_043 3.9723 9.2374 0.0770 20.1836 1.3651 
AR_HL_6_044 3.8789 9.2201 0.0733 18.7913 1.4126 
AR_HL_6_045 4.1859 9.1787 0.1316 23.2774 1.3570 
AR_HL_6_046 4.0084 9.2240 0.0733 18.4070 1.3779 
AR_HL_6_047 3.9009 9.2127 0.0744 17.5690 1.3891 
AR_HL_6_049 3.7786 9.3154 0.0757 21.1224 1.4414 
AR_HL_6_050 3.8030 9.3690 0.0833 22.0846 1.4928 
AR_HL_6_051 3.6672 9.5018 0.0855 23.8520 1.5783 
AR_HL_6_052 3.6634 9.4138 0.0785 22.0911 1.5653 
AR_HL_6_053 3.5605 9.5312 0.1013 28.9064 1.5942 
AR_HL_6_054 3.5878 9.4970 0.0817 22.4098 1.5749 
AR_HL_6_055 3.4733 9.6347 0.0873 21.1750 1.6375 
AR_HL_6_056 3.3579 9.6279 0.0853 19.1178 1.6758 
AR_HL_6_057 3.3485 9.6801 0.0840 20.8143 1.6439 
AR_HL_6_058 3.5113 9.7796 0.0815 25.7178 1.6854 
AR_HL_6_059 3.2530 9.7617 0.0833 19.6550 1.6580 
AR_HL_6_060 3.1568 9.7088 0.0810 19.2484 1.6490 
AR_HL_6_061 3.3467 9.6654 0.1062 19.8276 1.6178 
AR_HL_6_062 3.3216 9.6806 0.0813 18.6354 1.5452 
AR_HL_6_063 3.4314 9.5796 0.0878 20.7106 1.6145 
AR_HL_6_064 3.2932 9.5875 0.0793 16.0063 1.6210 
AR_HL_6_065 3.3954 9.5583 0.0779 18.6735 1.5541 
AR_HL_6_066 3.5021 9.4986 0.0811 15.6122 1.5443 
AR_HL_6_067 3.5159 9.4052 0.0738 14.3265 1.5035 
AR_HL_6_068 3.7060 9.2872 0.0855 15.9886 1.4031 
AR_HL_6_069 3.5777 9.3423 0.0792 16.1619 1.4796 
AR_HL_6_070 3.6159 9.3839 0.0838 26.0975 1.4569 
AR_HL_6_071 3.7337 9.2602 0.0721 14.8526 1.4575 
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AR_HL_6_072 3.7665 9.2433 0.0815 16.5648 1.4783 
AR_HL_6_073 3.8464 9.1812 0.0980 21.0411 1.4994 
AR_HL_6_074 3.7822 9.2603 0.0787 18.3070 1.5350 
AR_HL_6_075 3.5667 9.4035 0.0787 17.7337 1.5259 
AR_HL_6_076 3.3732 9.5034 0.0770 16.9878 1.6048 
AR_HL_6_077 3.2916 9.5229 0.0775 17.5844 1.5902 
AR_HL_6_078 3.3207 9.5790 0.0836 20.6447 1.7027 
AR_HL_6_080 3.2956 9.6422 0.0838 18.8445 1.6769 
AR_HL_6_081 3.1083 9.9168 0.0782 17.2959 1.7895 
AR_HL_6_082 3.1659 9.7973 0.0837 17.3137 1.7791 
AR_HL_6_083 3.3026 9.7156 0.0928 25.1944 1.7469 
AR_HL_6_085 3.2789 9.6287 0.0827 20.6817 1.7362 
AR_HL_6_086 3.2160 9.6796 0.1100 21.1162 1.6713 
AR_HL_6_087 3.0379 9.7481 0.0834 18.6915 1.7089 
AR_HL_6_088 3.0721 9.6883 0.0769 18.9682 1.6526 
AR_HL_6_089 3.1250 9.6255 0.0720 15.8052 1.5928 
AR_HL_6_090 3.2679 9.5910 0.0863 18.0858 1.5400 
AR_HL_6_091 3.1878 9.5310 0.0783 15.0626 1.5629 
AR_HL_6_092 3.2911 9.4968 0.0854 15.7609 1.5305 
AR_HL_6_093 3.3101 9.4627 0.0792 15.5410 1.5562 
AR_HL_6_094 3.4316 9.3264 0.0850 17.3156 1.4790 
AR_HL_6_095 3.4059 9.4077 0.0766 16.3174 1.5118 
AR_HL_6_096 3.2660 9.4968 0.0817 17.3593 1.6731 
AR_HL_6_097 3.4388 9.3421 0.0870 20.3326 1.5707 
AR_HL_6_098 3.2862 9.4326 0.0715 15.8672 1.5915 
AR_HL_6_099 3.3348 9.5044 0.0856 18.1580 1.6379 
AR_HL_6_100 3.2583 9.5066 0.0812 18.7608 1.6168 
AR_HL_6_101 3.2142 9.5390 0.0872 18.7470 1.6062 
AR_HL_6_102 3.2334 9.5328 0.0905 18.8615 1.5973 
AR_HL_6_103 3.2220 9.3519 0.0929 21.0394 1.5013 
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AR_HL_6_104 3.3741 9.4294 0.0853 23.3942 1.5074 
AR_HL_6_105 3.2750 9.5772 0.0945 22.5476 1.6199 
AR_HL_6_107 3.2128 9.6990 0.0851 18.8484 1.6298 
AR_HL_6_109 3.1017 9.6741 0.0864 24.1316 1.6660 
AR_HL_6_110 3.1081 9.6869 0.0790 16.7053 1.5662 
AR_HL_6_111 3.5662 9.5707 0.0901 19.7167 1.7044 
AR_HL_6_112 3.3505 9.6208 0.0771 16.9724 1.5706 
AR_HL_6_115 3.5654 9.4636 0.0925 18.5563 1.6112 
AR_HL_6_116 3.5424 9.4957 0.0700 15.7087 1.5367 
AR_HL_6_117 3.5741 9.4620 0.0848 15.5184 1.5635 
AR_HL_6_119 3.4982 9.4909 0.0789 21.5743 1.5126 
AR_HL_6_120 3.5860 9.4507 0.0780 15.1604 1.5960 
AR_HL_6_121 3.5552 9.3823 0.0760 15.0028 1.5641 
AR_HL_6_122 3.6902 9.3199 0.0817 16.0044 1.5468 
AR_HL_6_123 3.7551 9.2940 0.0891 18.2771 1.5992 
AR_HL_6_124 3.7975 9.2089 0.0734 13.9196 1.4270 
AR_HL_6_125 3.9593 9.3035 0.0685 14.1579 1.4922 
AR_HL_6_126 3.7986 9.2494 0.0938 17.2313 1.5145 
AR_HL_6_127 3.7399 9.2506 0.0776 15.0790 1.5066 
AR_HL_6_129 3.6879 9.2271 0.0825 19.3741 1.4883 
AR_HL_6_130 3.7088 9.2234 0.0756 17.9220 1.5302 
AR_HL_6_131 3.7700 9.1158 0.0900 18.6157 1.5245 
AR_HL_6_132 4.1969 9.1445 0.1125 24.0987 1.4804 
AR_HL_6_134 3.7517 9.2020 0.0690 15.4787 1.4396 
AR_HL_6_135 3.7060 9.1589 0.0723 14.8955 1.4766 
AR_HL_6_136 3.7178 9.1842 0.0739 15.1207 1.4795 
AR_HL_6_137 3.9505 9.0953 0.0943 27.7238 1.4289 
AR_HL_6_138 3.8331 9.1369 0.0875 13.7782 1.3957 
AR_HL_6_139 3.8896 9.1123 0.0963 18.1343 1.4571 
AR_HL_6_140 3.5811 9.2254 0.0862 18.4169 1.5012 
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AR_HL_6_141 3.7653 9.3029 0.0789 18.2092 1.5424 
AR_HL_6_142 3.7763 9.2127 0.0768 19.8207 1.4521 
AR_HL_6_143 3.4587 9.3431 0.0755 18.0333 1.5031 
AR_HL_6_144 3.7620 9.2281 0.1238 20.2010 1.4347 
AR_HL_6_145 3.7802 9.1803 0.0969 20.2368 1.4677 
AR_HL_6_146 3.7258 9.2372 0.0700 19.0328 1.4761 
AR_HL_6_148 3.9582 9.1274 0.0829 20.3106 1.4117 
AR_HL_6_149 3.7639 9.2331 0.1429 18.7089 1.4115 
AR_HL_6_150 3.5832 9.2910 0.0836 18.7631 1.4756 
AR_HL_6_151 3.5622 9.4394 0.0874 19.5946 1.6519 
AR_HL_6_152 3.4032 9.4749 0.0764 18.8041 1.6173 
AR_HL_6_153 3.3275 9.5594 0.0815 19.4643 1.6872 
AR_HL_6_154 3.2806 9.5465 0.0764 24.0403 1.6701 
AR_HL_6_155 3.4605 9.5502 0.0905 24.2205 1.6055 
AR_HL_6_156 3.3295 9.5282 0.0861 17.5962 1.5670 
AR_HL_6_157 3.2170 9.5484 0.0800 18.4277 1.6601 
AR_HL_6_158 3.4063 9.4509 0.0890 22.3107 1.6439 
AR_HL_6_159 3.2343 9.5853 0.0774 16.4959 1.6432 
AR_HL_6_160 3.2116 9.6226 0.0872 16.8483 1.7010 
AR_HL_6_162 3.3117 9.5586 0.0850 15.8836 1.6792 
AR_HL_6_163 3.5511 9.3658 0.0870 17.3255 1.5841 
AR_HL_6_164 3.5383 9.3515 0.0775 14.1726 1.5233 
AR_HL_6_165 3.5767 9.2907 0.0757 14.1562 1.4973 
AR_HL_6_166 3.5264 9.3087 0.0781 12.7583 1.4599 
AR_HL_6_167 3.6797 9.2212 0.0906 15.7162 1.4814 
AR_HL_6_168 3.5692 9.2596 0.0756 14.4932 1.4231 
AR_HL_6_169 3.6371 9.2196 0.0691 14.1671 1.4133 
AR_HL_6_170 3.8527 9.1157 0.0753 16.4309 1.3725 
AR_HL_6_171 3.7786 9.2023 0.0796 13.8570 1.3911 
AR_HL_6_172 3.9006 9.1566 0.0740 31.5073 1.4204 
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AR_HL_6_173 3.8171 9.1482 0.0632 13.5072 1.3960 
AR_HL_6_174 3.8992 9.1590 0.0743 15.0947 1.4112 
AR_HL_6_175 3.8748 9.1281 0.0734 17.1036 1.3647 
AR_HL_6_176 3.8752 9.1978 0.0715 14.4880 1.4029 
AR_HL_6_177 3.9356 9.1457 0.0723 14.6908 1.4261 
AR_HL_6_178 4.0233 9.1237 0.0726 17.6021 1.3558 
AR_HL_6_179 3.9290 9.1529 0.0670 19.6090 1.3696 
AR_HL_6_180 4.1821 9.1101 0.0779 21.1530 1.3076 
AR_HL_6_181 3.8068 9.3249 0.0717 18.4940 1.3529 
AR_HL_6_182 3.5880 9.4103 0.0802 19.1877 1.5251 
AR_HL_6_183 3.6214 9.4195 0.0742 19.3721 1.4411 
AR_HL_6_184 3.3953 9.5181 0.0783 19.3925 1.5359 
AR_HL_6_185 3.4773 9.5647 0.0767 17.3018 1.5846 
AR_HL_6_186 3.3217 9.5804 0.0813 18.4763 1.6116 
AR_HL_6_187 3.4280 9.4788 0.0939 18.6656 1.7118 
AR_HL_6_188 3.1736 9.6235 0.0738 18.4805 1.7342 
AR_HL_6_189 3.1502 9.5725 0.0692 16.8270 1.6507 
AR_HL_6_190 3.2107 9.5448 0.0765 18.1412 1.6674 
AR_HL_6_191 3.1842 9.5989 0.0691 17.8229 1.5800 
AR_HL_6_192 3.2604 9.5689 0.0873 19.6573 1.6092 
AR_HL_6_193 3.2133 9.5902 0.0770 19.1647 1.6022 
AR_HL_6_195 3.2536 9.5344 0.0756 19.6359 1.5144 
AR_HL_6_196 3.5452 9.3472 0.0933 18.6515 1.4723 
AR_HL_6_197 3.5902 9.2737 0.0691 18.9291 1.5025 
AR_HL_6_198 3.9238 9.2577 0.1019 27.4058 1.4221 
AR_HL_6_199 3.6410 9.2423 0.0755 16.4664 1.4313 
AR_HL_6_201 3.6311 9.2637 0.0770 15.1617 1.4680 
AR_HL_6_202 3.7500 9.2061 0.0692 17.3612 1.3475 
AR_HL_6_203 3.7515 9.1383 0.0741 13.6069 1.2404 
AR_HL_6_204 3.7330 9.1848 0.0741 15.0704 1.2993 
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AR_HL_6_205 3.6650 9.1440 0.0792 17.0239 1.3929 
AR_HL_6_206 3.8449 9.1371 0.1059 16.1884 1.3426 
AR_HL_6_207 3.7177 9.1233 0.0755 13.9840 1.2809 
AR_HL_6_208 3.8239 9.1030 0.0621 14.5106 1.2608 
AR_HL_6_209 3.6600 9.1562 0.0801 15.0937 1.3705 
AR_HL_6_210 3.6941 9.2035 0.1197 15.1564 1.4843 
AR_HL_6_211 3.7686 9.1661 0.0960 15.4846 1.3657 
AR_HL_6_213 3.6765 9.1951 0.0664 13.3447 1.4957 
AR_HL_6_214 3.7720 9.1479 0.0665 13.9958 1.4294 
AR_HL_6_215 3.8560 9.0729 0.0689 14.7246 1.5045 
AR_HL_6_216 3.7059 9.1987 0.0808 22.4596 1.5445 
AR_HL_6_217 3.7803 9.1662 0.0728 14.9704 1.4819 
AR_HL_6_218 3.7251 9.2171 0.0694 15.6680 1.4664 
AR_HL_6_219 3.6167 9.2590 0.0672 15.5308 1.5117 
AR_HL_6_220 3.4851 9.2230 0.0657 14.5192 1.5426 
AR_HL_6_221 3.6762 9.2082 0.0656 14.3758 1.5385 
AR_HL_6_222 3.7652 9.1867 0.0929 16.0490 1.5562 
AR_HL_6_223 3.6194 9.2274 0.0694 13.7198 1.5551 
AR_HL_6_224 3.5202 9.2948 0.0683 16.2012 1.5428 
AR_HL_6_225 3.6880 9.2487 0.0710 16.2659 1.5230 
AR_HL_6_226 3.6487 9.2046 0.0660 16.7105 1.5344 
AR_HL_6_227 3.5548 9.3604 0.0680 16.4877 1.5692 
AR_HL_6_228 3.5574 9.3683 0.0636 17.2789 1.6035 
AR_HL_6_229 3.3677 9.5272 0.0710 12.7954 1.7497 
AR_HL_6_230 3.3583 9.5509 0.0703 15.2896 1.6872 
AR_HL_6_231 3.2547 9.5294 0.0691 15.1019 1.7687 
AR_HL_6_232 3.2597 9.5329 0.0770 16.1628 1.7101 
AR_HL_6_233 3.3847 9.4811 0.0821 18.6016 1.5582 
AR_HL_6_234 3.2323 9.5324 0.0740 17.3704 1.6925 
AR_HL_6_235 3.3610 9.5768 0.0738 18.1869 1.7737 
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AR_HL_6_236 3.5113 9.3430 0.0954 18.0809 1.6458 
AR_HL_6_237 3.7126 9.2575 0.0740 12.9910 1.5424 
AR_HL_6_238 3.5884 9.3885 0.0831 15.6788 1.6621 
AR_HL_6_239 4.0477 9.2248 0.0750 15.1426 1.5343 
AR_HL_6_240 4.1393 9.1108 0.0729 12.3390 1.4684 
AR_HL_6_241 3.9075 9.3285 0.0719 13.9498 1.6143 
AR_HL_6_242 4.1711 9.0904 0.0704 12.0633 1.3950 
AR_HL_6_243 3.9313 9.1602 0.0708 12.2126 1.5337 
AR_HL_6_244 4.0639 9.1446 0.0652 12.0049 1.5586 
AR_HL_6_245 4.0825 9.1185 0.0804 13.7559 1.4931 
AR_HL_6_246 4.0226 9.1318 0.0660 17.9142 1.5292 
AR_HL_6_247 3.7666 9.2219 0.0719 13.0822 1.6095 
AR_HL_6_248 3.8100 9.2110 0.0679 11.8051 1.4493 
AR_HL_6_249 3.9304 9.1205 0.0664 12.5591 1.5302 
AR_HL_6_250 3.8638 9.1285 0.0666 11.9239 1.5278 
AR_HL_6_251 3.7777 9.1315 0.0633 13.5400 1.5279 
AR_HL_6_252 3.8359 9.1137 0.0683 13.4435 1.5423 
AR_HL_6_253 3.8684 9.1745 0.0681 12.7800 1.5947 
AR_HL_6_254 3.8918 9.1709 0.0685 12.4945 1.5936 
AR_HL_6_255 3.7238 9.1721 0.0692 13.6479 1.6025 
AR_HL_6_256 3.8812 9.0627 0.0794 12.5395 1.5322 
AR_HL_6_257 3.7675 9.1902 0.0649 13.6148 1.6177 
AR_HL_6_258 3.8206 9.2033 0.0713 13.5561 1.6132 
AR_HL_6_259 3.8789 9.1363 0.0720 14.6252 1.5883 
AR_HL_6_260 3.6819 9.1950 0.0881 13.5538 1.5654 
AR_HL_6_261 3.9412 9.2192 0.0812 14.6238 1.5783 
AR_HL_6_262 3.6411 9.1493 0.0674 14.5497 1.5375 
AR_HL_6_263 3.8597 9.1441 0.0745 14.0095 1.4940 
AR_HL_6_264 3.7826 9.1401 0.0686 15.8951 1.4835 
AR_HL_6_265 3.6800 9.1812 0.0723 15.8902 1.5934 
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AR_HL_6_266 3.8952 9.1455 0.0659 15.4002 1.5923 
AR_HL_6_267 3.7746 9.1827 0.0683 14.1808 1.5925 
AR_HL_6_268 3.9717 9.2014 0.0903 13.7438 1.5368 
AR_HL_6_269 3.8888 9.2286 0.0700 12.9001 1.4656 
AR_HL_6_271 3.6287 9.3427 0.0683 13.5065 1.6211 
AR_HL_6_272 3.8074 9.1422 0.0789 15.7822 1.5708 
AR_HL_6_273 3.6374 9.3380 0.0708 13.2752 1.6320 
AR_HL_6_274 3.7620 9.2629 0.0777 13.4156 1.6195 
AR_HL_6_275 3.6894 9.2636 0.0706 12.1877 1.5333 
AR_HL_6_276 3.6612 9.3107 0.0687 13.2161 1.6095 
AR_HL_6_277 3.5282 9.3425 0.0685 12.8912 1.6668 
AR_HL_6_278 3.4226 9.3731 0.0694 13.2656 1.6872 
AR_HL_6_280 3.5947 9.3645 0.0777 14.1146 1.7481 
AR_HL_6_281 3.6892 9.3246 0.0852 13.7014 1.7299 
AR_HL_6_282 3.6523 9.3539 0.0796 12.7439 1.7271 
AR_HL_6_283 3.5660 9.3603 0.0792 13.7057 1.7012 
AR_HL_6_284 3.5659 9.4502 0.0707 12.7219 1.7517 
AR_HL_6_285 3.3323 9.5009 0.0774 12.5326 1.7534 
AR_HL_6_287 3.4374 9.5161 0.0774 13.3378 1.8292 
AR_HL_6_288 3.4194 9.4838 0.0753 13.6657 1.7565 
AR_HL_6_289 3.5695 9.4551 0.0689 13.7707 1.7185 
AR_HL_6_290 3.4961 9.4592 0.0720 12.1634 1.7562 
AR_HL_6_291 3.4630 9.4840 0.0783 12.9355 1.7822 
AR_HL_6_292 3.4060 9.4989 0.0787 12.6852 1.6833 
AR_HL_6_293 3.5620 9.4374 0.0804 13.7221 1.7009 
AR_HL_6_294 3.5010 9.4291 0.0692 14.0722 1.7217 
AR_HL_6_295 3.5450 9.4434 0.0764 12.5490 1.5070 
AR_HL_6_296 3.5467 9.4024 0.0758 13.1032 1.6693 
AR_HL_6_297 3.6304 9.4325 0.0734 12.4161 1.5957 
AR_HL_6_298 3.8315 9.3667 0.0748 11.5524 1.6058 
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AR_HL_6_299 3.7850 9.3421 0.0723 11.6984 1.4529 
AR_HL_6_301 3.6588 9.3300 0.0883 11.1967 1.6762 
AR_HL_6_302 3.5626 9.4333 0.0934 12.0357 1.6562 
AR_HL_6_303 3.6585 9.4038 0.0820 11.1852 1.7190 
AR_HL_6_304 3.6548 9.2811 0.0820 11.0546 1.6653 
AR_HL_6_305 3.7454 9.3285 0.0824 10.4574 1.6257 
AR_HL_6_306 3.7624 9.2798 0.0786 10.8479 1.7242 
AR_HL_6_307 3.6835 9.3313 0.0883 10.5492 1.6559 
AR_HL_6_308 3.5310 9.4718 0.0789 10.8570 1.7683 
AR_HL_6_309 3.7516 9.2683 0.0761 10.4620 1.5958 
AR_HL_6_310 3.9604 9.2588 0.0757 10.5673 1.7062 
AR_HL_6_311 4.0033 9.1811 0.0727 10.1755 1.6152 
AR_HL_6_312 4.0315 9.1199 0.0698 10.0961 1.6261 
AR_HL_6_314 3.9796 9.1449 0.0809 13.2830 1.6097 
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Appendix Table 1-5: Geochemical values of cored modern slope corymbose Acropora colonies, 
with sensitivity errors in ICP-MS analysis. 
Sample Mg/Ca (mmol/mol) 
Sr/Ca 
(mmol/mol) 
Y/Ca 
(µmol/mol) 
Ba/Ca 
(µmol/mol) 
U/Ca 
(µmol/mol) 
AR_HS_3_001 4.1409 9.4160 0.0832 6.7942 1.3932 
AR_HS_3_002 4.2955 9.3981 0.0543 5.6163 1.3409 
AR_HS_3_003 4.0728 9.4623 0.0574 4.7827 1.4145 
AR_HS_3_004 4.0660 9.3993 0.0639 5.6998 1.3843 
AR_HS_3_005 3.9529 9.4066 0.0592 4.7377 1.4158 
AR_HS_3_006 3.8952 9.3981 0.0567 4.5538 1.4159 
AR_HS_3_007 3.8235 9.4207 0.0930 5.4521 1.4995 
AR_HS_3_008 3.5520 9.5690 0.0596 4.7338 1.5718 
AR_HS_3_009 3.6399 9.4977 0.0621 4.6222 1.5227 
AR_HS_3_010a 3.8142 9.4215 0.0541 5.0722 1.4475 
AR_HS_3_011 3.9460 9.4282 0.0644 4.3437 1.3807 
AR_HS_3_012 3.9978 9.4278 0.0541 4.4276 1.3608 
AR_HS_3_013b 4.1082 9.4076 0.0610 4.5612 1.3482 
AR_HS_3_014 4.1838 9.3911 0.0973 4.6075 1.3378 
AR_HS_3_015 4.1074 9.5097 0.1776 4.7824 1.3643 
AR_HS_3_016 4.4310 9.4170 0.0825 5.8383 1.3414 
AR_HS_3_017 4.4264 9.5107 0.0815 4.5047 1.3391 
AR_HS_3_018 4.1839 9.5331 0.0626 4.6552 1.4025 
AR_HS_3_019 4.0454 9.5353 0.0578 5.0138 1.4907 
AR_HS_3_020 3.8528 9.6453 0.0571 4.7486 1.5859 
AR_HS_3_021 3.8221 9.6803 0.0624 4.9501 1.5620 
AR_HS_3_022 3.8348 9.6952 0.0623 4.7034 1.5594 
AR_HS_3_023 4.1651 9.6532 0.0933 5.0827 1.5970 
AR_HS_3_026 3.7618 9.6639 0.0725 5.3724 1.5563 
AR_HS_3_027 3.6436 9.6940 0.0709 4.8624 1.5682 
AR_HS_3_028 3.6077 9.5983 0.0640 4.8774 1.5480 
AR_HS_3_029 3.6573 9.5820 0.0680 4.6616 1.5202 
AR_HS_3_030 3.6713 9.5415 0.0612 4.5718 1.4915 
Appendix 1: Acropora geochemistry 
279 
AR_HS_3_031 3.7770 9.5535 0.0618 4.8805 1.4524 
AR_HS_3_033 3.9041 9.4391 0.2027 4.7775 1.4161 
AR_HS_3_034 3.7227 9.4685 0.0546 4.6585 1.4492 
AR_HS_3_035 3.8304 9.4702 0.0602 5.2602 1.4294 
AR_HS_3_036 4.0002 9.4350 0.0644 6.7259 1.4247 
AR_HS_3_037 3.7799 9.5148 0.0571 5.0068 1.4666 
AR_HS_3_038 3.8152 9.4756 0.0586 5.0102 1.4621 
AR_HS_3_039 3.8846 9.3898 0.0661 5.3344 1.4256 
AR_HS_3_040 4.0147 9.3950 0.0882 12.4392 1.4404 
AR_HS_3_041 3.7855 9.5281 0.0811 4.7771 1.4556 
AR_HS_3_042 3.7494 9.5175 0.0795 4.6118 1.4769 
AR_HS_3_043 3.6002 9.4811 0.0770 4.7113 1.4871 
AR_HS_3_044 3.5090 9.6977 0.0750 4.6487 1.5754 
AR_HS_3_045 3.5933 9.6350 0.0819 4.7334 1.5702 
AR_HS_3_046a 3.4879 9.7114 0.0936 4.9395 1.6172 
AR_HS_3_047 3.4814 9.6542 0.1464 5.1876 1.5998 
AR_HS_3_048 3.3446 9.7232 0.0783 5.4854 1.6440 
AR_HS_3_049 3.0532 9.6860 0.0787 5.5911 1.6071 
AR_HS_3_050 3.1206 9.6869 0.0788 5.0567 1.5913 
AR_HS_3_051 3.5060 9.7158 0.0881 4.6577 1.6131 
AR_HS_3_052 3.4396 9.6954 0.0863 4.6635 1.5450 
AR_HS_3_053 3.0405 9.7187 0.0696 5.2848 1.4708 
AR_HS_3_054 3.6256 9.6029 0.0869 4.9292 1.4889 
AR_HS_3_055 3.6347 9.4979 0.0843 4.8903 1.4778 
AR_HS_3_056 3.4518 9.5208 0.0787 6.3441 1.3724 
AR_HS_3_057 3.3938 9.4528 0.0673 5.1612 1.3940 
AR_HS_3_058 3.5497 9.4228 0.0715 4.7535 1.4548 
AR_HS_3_058b 3.5419 9.3586 0.0717 4.6855 1.4436 
AR_HS_3_059 3.5342 9.5069 0.0782 8.0067 1.4617 
AR_HS_3_060 3.5630 9.5284 0.0714 4.8736 1.4971 
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AR_HS_3_061 3.5198 9.5503 0.0644 4.5878 1.5520 
AR_HS_3_062 3.4118 9.7213 0.0660 4.6339 1.6680 
AR_HS_3_063 3.5254 9.6919 0.0684 5.1729 1.6385 
AR_HS_3_064 3.6389 9.7239 0.0685 4.6877 1.5966 
AR_HS_3_065 3.7109 9.6906 0.0728 4.7405 1.5486 
AR_HS_3_066 3.7277 9.6659 0.0695 4.6513 1.5432 
AR_HS_3_067 3.7787 9.6776 0.0726 5.0578 1.5578 
AR_HS_3_068 3.7775 9.6356 0.0774 4.9962 1.5491 
AR_HS_3_069 3.6775 9.6179 0.0701 5.2405 1.5599 
AR_HS_3_070 3.7739 9.5559 0.0838 5.9445 1.5415 
AR_HS_3_071 3.8938 9.5575 0.0735 4.7036 1.5228 
AR_HS_3_072 3.7429 9.4844 0.0703 4.6509 1.4630 
AR_HS_3_073 3.8750 9.4338 0.0699 4.7198 1.4498 
AR_HS_3_074 3.8891 9.4677 0.0689 5.1987 1.4661 
AR_HS_3_075 3.8811 9.4246 0.0675 5.0288 1.4479 
AR_HS_3_076 3.8767 9.4368 0.0725 5.2246 1.4693 
AR_HS_3_077 3.8025 9.4407 0.0704 4.5881 1.4698 
AR_HS_3_078 3.9004 9.4667 0.0700 4.6979 1.4804 
AR_HS_3_079 3.8770 9.3821 0.0855 5.8376 1.5147 
AR_HS_3_080 3.8891 9.3638 0.0743 8.0719 1.4501 
AR_HS_3_081 3.9552 9.3332 0.0764 4.9832 1.4542 
AR_HS_3_082 3.8550 9.3295 0.0678 4.9449 1.4419 
AR_HS_3_083 3.7326 9.3814 0.1174 4.7493 1.4563 
AR_HS_3_084 3.6915 9.4300 0.0696 5.0165 1.4642 
AR_HS_3_085 3.6703 9.4679 0.0725 5.0980 1.4468 
AR_HS_3_086 3.6295 9.4759 0.0770 5.3420 1.4687 
AR_HS_3_087 3.5620 9.6111 0.0718 4.7668 1.5709 
AR_HS_3_088 3.7101 9.5611 0.0770 5.1574 1.5312 
AR_HS_3_089 3.7575 9.5872 0.0721 5.0479 1.5207 
AR_HS_3_090 3.5903 9.6143 0.0687 4.6297 1.5385 
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AR_HS_3_091 3.7498 9.5501 0.0687 5.2277 1.5022 
AR_HS_3_092 3.7465 9.5585 0.0704 4.9200 1.5336 
AR_HS_3_093 3.8015 9.5655 0.0692 5.0564 1.4952 
AR_HS_3_094 3.7929 9.5940 0.0759 4.8978 1.5137 
AR_HS_3_095 3.6901 9.5894 0.0826 5.2346 1.4724 
AR_HS_3_097 3.5350 9.6913 0.0787 5.3832 1.5555 
AR_HS_3_098 3.5655 9.6017 0.0807 4.8085 1.5035 
AR_HS_3_099 3.4155 9.6644 0.0718 4.5935 1.5064 
AR_HS_3_100 3.4695 9.6021 0.0690 4.3960 1.4740 
AR_HS_3_101 3.5305 9.5084 0.0863 5.1600 1.4197 
AR_HS_3_103 3.6416 9.4307 0.0711 5.1818 1.3798 
AR_HS_3_104 3.8130 9.3998 0.0909 6.8721 1.4301 
AR_HS_3_105 3.5724 9.5103 0.0695 4.8593 1.4717 
AR_HS_3_106 3.4801 9.6410 0.0700 4.6620 1.4777 
AR_HS_3_107 3.6081 9.5682 0.0682 5.9928 1.4654 
AR_HS_3_108 3.6099 9.6277 0.0662 4.6392 1.4027 
AR_HS_3_109 3.9639 9.5767 0.0731 4.7987 1.4477 
AR_HS_3_110 3.8997 9.5904 0.0811 5.0964 1.4210 
AR_HS_3_111 4.1047 9.5969 0.0820 5.1418 1.4196 
AR_HS_3_112 3.8354 9.6412 0.0735 4.8236 1.4837 
AR_HS_3_114 3.8642 9.5938 0.0787 4.9612 1.4754 
AR_HS_3_115 4.4054 9.4237 0.0908 4.6211 1.2694 
AR_HS_3_116 4.6227 9.3970 0.0783 4.5528 1.2004 
AR_HS_3_117 4.1301 9.5575 0.0834 4.6911 1.3725 
AR_HS_3_118 4.2014 9.4559 0.0829 4.6615 1.2531 
AR_HS_3_119 3.7426 9.5698 0.0802 4.8153 1.4322 
AR_HS_3_120 3.8003 9.5189 0.1016 4.9778 1.5278 
AR_HS_3_121 4.0982 9.4545 0.0926 4.9093 1.4092 
AR_HS_3_122 3.8984 9.4249 0.0799 4.6894 1.3956 
AR_HS_3_123 3.4258 9.7076 0.0701 4.6880 1.5548 
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AR_HS_3_124 3.5492 9.6175 0.0760 4.8769 1.4875 
AR_HS_3_125 3.3721 9.7740 0.0702 4.4427 1.4802 
AR_HS_3_126 3.5676 9.6790 0.0731 4.8468 1.4966 
AR_HS_3_127 3.3634 9.6718 0.0693 4.8013 1.5573 
AR_HS_3_128 3.3432 9.7143 0.0720 4.9519 1.6017 
AR_HS_3_129 10.5367 9.4167 0.1550 4.8080 1.5576 
AR_HS_3_130 3.5354 9.5977 0.0681 4.6561 1.4390 
AR_HS_3_131b 3.5343 9.6272 0.0685 4.5232 1.4458 
AR_HS_3_132 3.6640 9.5068 0.0758 4.8201 1.3963 
AR_HS_3_133 3.4836 9.6021 0.0746 4.5374 1.4867 
AR_HS_3_134 3.4603 9.6400 0.0747 4.7460 1.4568 
AR_HS_3_136 3.5949 9.5464 0.0724 5.2447 1.4390 
AR_HS_3_137 3.4605 9.6353 0.0683 4.4793 1.4627 
AR_HS_3_138 3.3752 9.6541 0.0658 4.3472 1.4525 
AR_HS_3_139 3.5195 9.6175 0.0667 4.8622 1.3894 
AR_HS_3_140 3.5759 9.4557 0.0715 4.5099 1.3772 
AR_HS_3_141 3.7745 9.5155 0.0878 4.8225 1.4206 
AR_HS_3_142 3.5188 9.5339 0.0686 4.4617 1.4014 
AR_HS_3_143 3.4419 9.6497 0.0723 4.7248 1.5734 
AR_HS_3_144 3.5376 9.5216 0.0723 5.3431 1.4677 
AR_HS_3_146 3.4109 9.7425 0.0741 4.4946 1.4927 
AR_HS_3_147 3.3161 9.7381 0.0800 4.4896 1.5717 
AR_HS_3_148 3.4148 9.8477 0.0813 5.0817 1.6586 
AR_HS_3_149 3.3906 9.8135 0.1087 5.0084 1.6048 
AR_HS_3_150 3.3799 9.7661 0.0788 5.1601 1.5739 
AR_HS_3_151 3.4575 9.7884 0.0821 5.8677 1.5528 
AR_HS_3_153 3.3005 9.7340 0.0753 5.0881 1.5422 
AR_HS_3_154 3.6670 9.6038 0.0818 4.7784 1.4963 
AR_HS_3_155 3.6082 9.5897 0.0971 10.7307 1.4326 
AR_HS_3_156 3.4073 9.7627 0.0931 5.3083 1.4730 
Appendix 1: Acropora geochemistry 
283 
AR_HS_5_2 3.8722 9.8127 0.2007 12.9170 1.6516 
AR_HS_5_3 3.5919 9.7614 0.2139 10.9894 1.6170 
AR_HS_5_4 3.5799 9.8334 0.1161 7.0838 1.6110 
AR_HS_5_6 3.2396 9.9869 0.1119 7.2820 1.6606 
AR_HS_5_8 3.1216 9.9849 0.1191 6.6094 1.6925 
AR_HS_5_9 3.3429 9.9651 0.0976 7.2990 1.6628 
AR_HS_5_10 3.1979 10.0869 0.0888 15.8569 1.7200 
AR_HS_5_11 3.1729 10.0958 0.1026 14.8812 1.7631 
AR_HS_5_13 3.2952 10.0309 0.1146 10.1088 1.7142 
AR_HS_5_14 3.1948 10.0315 0.0994 5.8134 1.6942 
AR_HS_5_15 3.3222 9.9307 0.1051 5.6439 1.6007 
AR_HS_5_16 3.3022 9.9446 0.0828 5.3320 1.6195 
AR_HS_5_17 3.2513 10.0013 0.0915 8.4639 1.6362 
AR_HS_5_18 3.1551 10.0122 0.1002 17.8946 1.6879 
AR_HS_5_19 3.0395 10.0261 0.0894 5.4202 1.6937 
AR_HS_5_20 3.2628 9.9840 0.0909 7.1776 1.6435 
AR_HS_5_21 3.2522 9.9052 0.0857 4.9860 1.6204 
AR_HS_5_22 3.4622 9.8332 0.0980 6.4871 1.5681 
AR_HS_5_23 3.3615 9.8526 0.1009 6.4796 1.5614 
AR_HS_5_25 3.5147 9.6756 0.1128 9.0031 1.4884 
AR_HS_5_27 3.3710 9.6844 0.0998 8.5688 1.4593 
AR_HS_5_28 3.6160 9.6600 0.1049 4.8282 1.4285 
AR_HS_5_29 3.5052 9.6626 0.1329 7.4934 1.4821 
AR_HS_5_30 3.3982 9.6340 0.0843 5.1581 1.4620 
AR_HS_5_31 3.4983 9.5528 0.1106 7.0562 1.4405 
AR_HS_5_32 3.5664 9.4715 0.1198 7.1347 1.3479 
AR_HS_5_33 3.3955 9.6247 0.0986 7.7197 1.4997 
AR_HS_5_34 3.4193 9.5685 0.0804 4.6652 1.4860 
AR_HS_5_35 3.2528 9.6247 0.1001 5.0276 1.5323 
AR_HS_5_36 3.2665 9.6573 0.0888 5.3017 1.6125 
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AR_HS_5_38 3.1137 9.8635 0.0923 5.2966 1.6562 
AR_HS_5_39 3.0497 9.9012 0.0910 4.9099 1.6785 
AR_HS_5_40 2.9988 9.9919 0.0830 5.6743 1.6908 
AR_HS_5_41 3.1921 9.7695 0.1147 7.4679 1.5988 
AR_HS_5_43 3.2339 9.7427 0.0955 5.1568 1.5024 
AR_HS_5_44 3.4250 9.5215 0.1055 6.2661 1.4731 
AR_HS_5_45 3.4276 9.6136 0.1149 6.1253 1.4426 
AR_HS_5_46 3.4088 9.6347 0.1020 6.2953 1.4729 
AR_HS_5_47 3.3896 9.6577 0.1055 5.8028 1.4842 
AR_HS_5_48 3.5199 9.5939 0.1136 6.6930 1.4310 
AR_HS_5_49 3.5948 9.5745 0.1056 7.9980 1.4283 
AR_HS_5_50 3.2941 9.6974 0.1043 5.1309 1.4558 
AR_HS_5_51 3.3611 9.6391 0.1061 5.7652 1.4892 
AR_HS_5_53 3.1372 9.8838 0.0934 5.1629 1.6512 
AR_HS_5_54 3.0256 9.9322 0.0901 5.0169 1.6647 
AR_HS_5_55 3.1551 9.7886 0.1319 6.9739 1.6389 
AR_HS_5_56 3.1819 9.7839 0.0999 5.2975 1.6065 
AR_HS_5_57 3.1755 9.7977 0.1235 5.3684 1.6397 
AR_HS_5_58 3.3750 9.6982 0.1198 4.9062 1.5815 
AR_HS_5_60 3.2719 9.5799 0.0900 4.8198 1.4923 
AR_HS_5_61 3.3450 9.5922 0.1170 8.1346 1.4376 
AR_HS_5_62 3.3302 9.6407 0.0947 4.4617 1.4742 
AR_HS_5_63 3.4459 9.4895 0.1115 6.1185 1.4066 
AR_HS_5_64 3.5091 9.5185 0.1222 6.5243 1.3825 
AR_HS_5_67 3.3108 9.6444 0.0959 8.2357 1.5124 
AR_HS_5_68 3.4922 9.5704 0.0917 5.0477 1.4933 
AR_HS_5_69 3.3689 9.5801 0.0818 5.1348 1.5066 
AR_HS_5_70 3.3258 9.6551 0.1211 6.8781 1.5629 
AR_HS_5_72 3.3291 9.7083 0.0905 5.4303 1.5777 
AR_HS_5_73 3.3527 9.7253 0.0781 4.6284 1.5491 
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AR_HS_5_74 3.4219 9.6662 0.0753 6.0334 1.5968 
AR_HS_5_75 3.4699 9.7572 0.0954 4.9329 1.5628 
AR_HS_6_4 4.5698 9.4351 0.0771 5.2623 1.3207 
AR_HS_6_5 4.6115 9.4330 0.1144 6.3204 1.3869 
AR_HS_6_6 4.0377 9.4982 0.0822 5.9502 1.3993 
AR_HS_6_7 3.9724 9.5152 0.0901 5.4033 1.4118 
AR_HS_6_8 4.1164 9.5140 0.0893 4.8717 1.4203 
AR_HS_6_9 3.7611 9.6327 0.0753 4.9753 1.4575 
AR_HS_6_10 3.6883 9.6205 0.0879 4.9595 1.5283 
AR_HS_6_13 3.7768 9.6616 0.1291 5.5118 1.5457 
AR_HS_6_14 3.4999 9.6942 0.0830 5.3459 1.5141 
AR_HS_6_15 3.7963 9.6721 0.0794 4.6018 1.5217 
AR_HS_6_17 3.7374 9.5520 0.0809 4.7769 1.3559 
AR_HS_6_23 3.9155 9.5779 0.0902 5.1125 1.4332 
AR_HS_6_26 3.6401 9.7262 0.0954 5.6329 1.4570 
AR_HS_6_27 4.0082 9.7555 0.0867 5.0049 1.4874 
AR_HS_6_28 3.5919 9.7312 0.0996 6.1124 1.4532 
AR_HS_6_31 3.5788 9.8640 0.0778 4.8780 1.4835 
AR_HS_6_32 3.6365 9.7977 0.0982 8.0469 1.5070 
AR_HS_6_33 3.4737 9.7436 0.0841 5.4910 1.4583 
AR_HS_6_34 3.6834 9.6298 0.0812 4.4807 1.4354 
AR_HS_6_36 4.2680 9.6303 0.0779 4.4520 1.4507 
AR_HS_6_37 3.8539 9.5947 0.0860 5.2277 1.3788 
AR_HS_6_38 3.8088 9.5700 0.0902 5.2881 1.3841 
AR_HS_6_40 3.7853 9.6066 0.0914 5.4324 1.4856 
AR_HS_6_41 3.9957 9.6635 0.0784 5.6477 1.5024 
AR_HS_6_42 3.6633 9.7496 0.0921 5.8462 1.5837 
AR_HS_6_43 3.9557 9.7747 0.0929 5.7235 1.5813 
AR_HS_6_45 3.7342 9.8559 0.1184 5.9115 1.6113 
AR_HS_6_46 3.3240 9.9229 0.0879 4.8085 1.6189 
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AR_HS_6_48 3.3094 9.8835 0.0987 5.0565 1.5905 
AR_HS_6_50 3.3252 9.8139 0.0904 5.0140 1.5616 
AR_HS_6_51 3.8740 9.7108 0.1394 9.2709 1.4991 
AR_HS_6_52 3.3379 9.6971 0.0884 6.4847 1.4992 
AR_HS_6_53 3.4906 9.6749 0.0796 5.3438 1.4737 
AR_HS_6_55 3.5389 9.6038 0.0703 5.0048 1.4347 
AR_HS_6_56 3.4790 9.6323 0.0827 4.9423 1.4430 
AR_HS_6_57 3.6670 9.5643 0.0792 6.2102 1.4639 
AR_HS_6_62 3.8778 9.4836 0.1308 7.3053 1.4780 
AR_HS_6_63 3.7225 9.5758 0.0739 6.0059 1.5433 
AR_HS_6_65 3.6423 9.5335 0.0830 5.1966 1.4895 
AR_HS_6_66 3.3482 9.6814 0.0780 4.7016 1.4862 
AR_HS_6_67 3.5862 9.5816 0.0810 8.7244 1.5410 
AR_HS_6_68 3.3961 9.7317 0.0712 4.7661 1.5045 
AR_HS_6_69 3.6853 9.5666 0.0790 6.9526 1.4296 
AR_HS_6_70 3.6433 9.5300 0.1190 8.4749 1.4221 
AR_HS_6_71 3.7497 9.6150 0.0686 4.8419 1.3229 
AR_HS_6_73 3.5714 9.7187 0.0727 4.7191 1.4584 
AR_HS_6_74 3.7452 9.5673 0.0932 7.7112 1.4478 
AR_HS_6_75 3.4309 9.7344 0.0735 4.7798 1.4301 
AR_HS_6_76 3.4290 9.7909 0.0691 4.2116 1.4807 
AR_HS_6_78 3.5589 9.6210 0.0737 5.4881 1.4165 
AR_HS_6_79 3.6226 9.6953 0.0881 7.6397 1.4702 
AR_HS_6_80 3.3251 9.6738 0.0806 5.8034 1.4609 
AR_HS_6_81 3.4057 9.6896 0.0769 5.5996 1.4407 
AR_HS_6_83 3.2694 9.6530 0.0703 5.6786 1.4537 
AR_HS_6_85 3.4507 9.5897 0.0893 5.8233 1.4282 
AR_HS_6_86 3.3330 9.6366 0.0744 5.5800 1.5216 
AR_HS_6_87 3.2513 9.6507 0.0702 4.9567 1.5215 
AR_HS_6_88 3.2723 9.7123 0.0710 6.4235 1.5088 
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AR_HS_6_89 3.4999 9.6805 0.0749 4.9462 1.5018 
AR_HS_6_91 3.4702 9.7142 0.0851 6.1956 1.5306 
AR_HS_6_92 3.3799 9.7635 0.0716 6.0098 1.5660 
AR_HS_6_93 3.2750 9.7670 0.0759 5.2232 1.5410 
AR_HS_6_94 3.2449 9.8188 0.0724 6.2364 1.5151 
AR_HS_6_95 3.2962 9.7317 0.0714 6.2434 1.4396 
AR_HS_6_96 3.2671 9.7501 0.0655 5.0185 1.4544 
AR_HS_6_97 3.3538 9.6410 0.0666 5.3779 1.4284 
AR_HS_6_98 3.2835 9.6889 0.0759 4.7220 1.4714 
AR_HS_6_99 3.3421 9.6548 0.0728 5.7788 1.4403 
AR_HS_6_100 3.3276 9.6644 0.0736 5.1242 1.4201 
AR_HS_6_101 3.3276 9.5337 0.0711 5.1837 1.4133 
AR_HS_6_102 3.4057 9.5055 0.0725 5.1658 1.3856 
AR_HS_6_103 3.5463 9.5560 0.1936 6.0987 1.3832 
AR_HS_6_104 3.4242 9.5817 0.0839 7.7096 1.4345 
AR_HS_6_107 3.3092 9.5914 0.0683 5.6840 1.4709 
AR_HS_6_108 3.3620 9.5676 0.0916 5.9094 1.5142 
AR_HS_6_109 3.2236 9.6030 0.0702 5.2319 1.4347 
AR_HS_6_111 3.2350 9.7110 0.0690 5.2502 1.5150 
AR_HS_6_113 3.2703 9.6944 0.0693 5.3850 1.5074 
AR_HS_6_114 3.1613 9.7858 0.0726 5.3371 1.5552 
AR_HS_6_115 3.2722 9.7671 0.0680 5.4212 1.5647 
AR_HS_6_116 3.2425 9.7567 0.0954 5.7470 1.5234 
AR_HS_6_117 3.4225 9.6318 0.0724 5.8221 1.4648 
AR_HS_6_118 3.3390 9.6431 0.0657 5.0922 1.4544 
AR_HS_6_119 3.4485 9.6000 0.0773 5.9011 1.4824 
AR_HS_6_120 3.3696 9.6781 0.0689 4.9778 1.4817 
AR_HS_6_121 3.3794 9.6305 0.0704 5.0439 1.5095 
AR_HS_6_122 3.5156 9.4952 0.1039 5.3710 1.4677 
AR_HS_6_123 3.2620 9.7662 0.0768 4.5619 1.5007 
Appendix 1: Acropora geochemistry 
288 
AR_HS_6_124 3.2395 9.7340 0.0694 5.0992 1.4365 
AR_HS_6_125 3.2715 9.6526 0.0908 5.4126 1.5171 
AR_HS_6_127 3.1650 9.6934 0.0764 5.9760 1.4626 
AR_HS_6_128 3.1417 9.6465 0.0785 5.7909 1.4880 
AR_HS_6_129 3.1320 9.7990 0.0804 8.1758 1.4578 
AR_HS_6_130 3.0867 9.7528 0.0732 5.1238 1.5548 
AR_HS_6_131 3.2281 9.6356 0.0744 5.4981 1.4695 
AR_HS_6_132 3.1880 9.7042 0.0736 5.9922 1.5293 
AR_HS_6_133 2.9920 9.9469 0.0758 5.2356 1.6372 
AR_HS_6_134 3.0585 9.8874 0.0681 5.2835 1.6096 
AR_HS_6_135 3.0718 9.8414 0.0719 5.1414 1.5814 
AR_HS_6_136 3.1391 9.8722 0.0813 5.5290 1.5429 
AR_HS_6_137 3.0702 9.8069 0.0760 5.2045 1.5717 
AR_HS_6_138 3.1520 9.7642 0.0947 5.4769 1.5348 
AR_HS_6_140 3.1722 9.7422 0.1238 6.5816 1.5169 
AR_HS_6_141 3.1325 9.7413 0.0744 6.6257 1.5939 
AR_HS_6_142 3.2224 9.6885 0.0773 5.2332 1.4663 
AR_HS_6_143 3.3977 9.5879 0.0785 5.1891 1.4855 
AR_HS_6_144 3.4370 9.6113 0.0805 6.3148 1.4317 
AR_HS_6_145 3.5149 9.4812 0.1019 6.7524 1.3217 
AR_HS_6_146 3.3787 9.5229 0.0700 5.2978 1.3934 
AR_HS_6_149 3.4797 9.4573 0.0709 5.2985 1.3638 
AR_HS_6_150 3.6505 9.4985 0.0849 7.1052 1.4161 
AR_HS_6_152 3.4930 9.4754 0.0752 5.6054 1.4559 
AR_HS_6_153 3.4697 9.4775 0.0806 5.4615 1.4947 
AR_HS_6_155 3.6665 9.4271 0.0743 5.5506 1.3973 
AR_HS_6_158 3.7203 9.4433 0.0787 4.8509 1.3859 
AR_HS_6_159 3.6181 9.4596 0.0694 4.8567 1.3999 
AR_HS_6_160 3.5063 9.4887 0.0796 5.5231 1.3968 
AR_HS_6_161 3.3768 9.5990 0.0785 5.2415 1.4951 
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AR_HS_6_162 3.3417 9.6446 0.0683 4.7827 1.5532 
AR_HS_6_165 3.3216 9.6630 0.0708 4.7694 1.5605 
AR_HS_6_166 3.2979 9.7346 0.0778 5.7242 1.6338 
AR_HS_6_167 3.2569 9.7706 0.0776 4.8043 1.6310 
AR_HS_6_169 3.4185 9.7183 0.0875 5.4024 1.6393 
AR_HS_6_170 3.3693 9.7675 0.0795 4.8921 1.6494 
AR_HS_6_172 3.3651 9.6832 0.0697 4.5402 1.5115 
AR_HS_6_173 3.3054 9.6932 0.0782 4.7311 1.4936 
AR_HS_6_174 3.4067 9.6244 0.0807 4.9125 1.4420 
AR_HS_6_175 3.4399 9.5443 0.0786 6.4339 1.4742 
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A 1.3 Mid-Holocene corymbose Acropora dataset 
A mid-Holocene Acropora core (detailed in Chapter 3) was also subsampled and analysed for trace 
element geochemistry. Following the poor calibration potential of Sr/Ca in the modern corymbose 
Acropora cores, these data were not applied to the main thesis body. 
 
Appendix Table 1-6: Geochemical values of a mid-Holocene corymbose Acropora colony, U-Th 
dated at 6,128±0.027(2σ) years BP. 
Sample Mg/Ca (mmol/mol) 
Sr/Ca 
(mmol/mol) 
Y/Ca 
(µmol/mol) 
Ba/Ca 
(µmol/mol) 
U/Ca 
(µmol/mol) 
H5_21_2_001 3.6068 9.8944 0.0893 5.7184 1.7245 
H5_21_2_002 3.7806 9.7808 0.0897 5.7257 1.6776 
H5_21_2_003 3.6899 9.9480 0.0728 5.5714 1.6835 
H5_21_2_004 3.7366 9.9024 0.0820 5.7321 1.6865 
H5_21_2_005 4.5887 9.8700 0.0923 5.2484 1.6976 
H5_21_2_005 4.6615 9.8657 0.1039 5.5362 1.6956 
H5_21_2_006 4.2444 9.9129 0.0882 5.4566 1.7443 
H5_21_2_007 4.5843 9.8714 0.0978 5.4723 1.7404 
H5_21_2_008 3.6688 9.9477 0.0917 5.5175 1.7418 
H5_21_2_009 3.5194 9.9232 0.0778 6.4573 1.7384 
H5_21_2_010 4.1092 9.9038 0.0812 5.0929 1.7043 
H5_21_2_011 3.4141 9.9044 0.0803 5.2845 1.7135 
H5_21_2_012 3.7811 9.8206 0.0758 5.4685 1.6485 
H5_21_2_013 3.8089 9.7761 0.0798 5.7278 1.6306 
H5_21_2_014 4.3286 9.6864 0.1040 5.1354 1.5795 
H5_21_2_015 4.2513 9.6850 0.0944 5.9356 1.5779 
H5_21_2_016 4.1067 9.8424 0.1042 5.9998 1.6719 
H5_21_2_017 4.2620 9.6748 0.1089 5.1705 1.6815 
H5_21_2_018 4.0290 9.8491 0.0898 5.4858 1.6881 
H5_21_2_019 4.2954 9.9421 0.1086 7.8785 1.7505 
H5_21_2_020 3.6040 9.9282 0.0805 5.0694 1.6874 
H5_21_2_021 3.4848 9.9270 0.0694 5.2879 1.6503 
H5_21_2_022 4.0540 9.9463 0.0909 5.3389 1.7163 
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H5_21_2_023 5.2072 9.9182 0.0890 7.9302 1.7135 
H5_21_2_024 3.1929 10.0519 0.0697 5.8680 1.7638 
H5_21_2_025 3.9858 10.0300 0.0661 5.4444 1.7476 
H5_21_2_026 3.3643 10.0334 0.0844 5.7173 1.7584 
H5_21_2_027 3.2051 10.1294 0.0707 5.4686 1.8418 
H5_21_2_028 3.5080 10.0476 0.0741 5.4658 1.7769 
H5_21_2_029 3.4188 10.1650 0.0915 5.6694 1.8112 
H5_21_2_030 3.8566 10.1288 0.0939 6.1041 1.7848 
H5_21_2_031 3.7111 10.1596 0.0897 5.1733 1.8473 
H5_21_2_032 4.2060 10.0547 0.1006 5.5602 1.8375 
H5_21_2_033 3.5732 10.0264 0.0945 5.1980 1.7878 
H5_21_2_034 4.1211 9.9492 0.0929 5.0993 1.7749 
H5_21_2_035 3.2675 9.9203 0.0590 5.3264 1.6732 
H5_21_2_036 3.0984 9.9888 0.0635 5.7642 1.7681 
H5_21_2_037 3.3247 9.9148 0.0579 4.8283 1.7132 
H5_21_2_038 3.3316 9.9797 0.0699 5.2222 1.7733 
H5_21_2_039 3.2060 9.9460 0.0666 4.9578 1.7805 
H5_21_2_040 3.1903 10.0916 0.0591 5.3219 1.7963 
H5_21_2_041 3.0252 10.1807 0.0561 5.5227 1.8585 
H5_21_2_042 3.3729 9.9923 0.0669 5.3288 1.7620 
H5_21_2_043 3.0691 10.1191 0.0616 5.9502 1.8085 
H5_21_2_044 2.9707 10.1305 0.0371 5.6084 1.7583 
H5_21_2_045 3.0206 10.2122 0.0588 6.2284 1.8461 
H5_21_2_046 3.2592 10.2206 0.0667 5.9023 1.8125 
H5_21_2_047 3.1536 10.0889 0.0581 6.1157 1.7924 
H5_21_2_048 3.3133 10.1224 0.0676 5.4979 1.7797 
H5_21_2_049 3.4507 10.1025 0.0633 5.5877 1.7735 
H5_21_2_050 3.0928 10.1173 0.0647 5.7229 1.7977 
H5_21_2_051 3.2633 10.0855 0.0705 5.2893 1.8021 
H5_21_2_052 3.4107 10.0183 0.0631 5.2446 1.7572 
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H5_21_2_053 3.4434 9.9763 0.0701 5.3463 1.7465 
H5_21_2_054 3.6159 10.0066 0.0704 5.8132 1.7024 
H5_21_2_055 3.3310 9.9302 0.0566 6.7109 1.6732 
H5_21_2_056 3.6246 9.8562 0.0799 5.0057 1.6421 
H5_21_2_057 3.7536 9.8163 0.0726 5.2547 1.6016 
H5_21_2_058 3.5766 9.7701 0.0581 5.1652 1.6025 
H5_21_2_059 3.7516 9.7898 0.0732 4.8394 1.6142 
H5_21_2_060 3.6915 9.7265 0.0686 4.7884 1.5667 
H5_21_2_061 4.1368 9.6296 0.0918 4.9363 1.5514 
H5_21_2_062 4.3946 9.5722 0.0949 5.3180 1.5544 
H5_21_2_063 4.8911 9.5149 0.1027 4.8940 1.5138 
H5_21_2_065 4.7269 9.4794 0.0844 4.8252 1.5005 
H5_21_2_066 3.9238 9.5892 0.0746 4.8850 1.5237 
H5_21_2_067 3.8959 9.6199 0.0833 5.0189 1.5385 
H5_21_2_068 3.6700 9.5956 0.0705 5.1565 1.5786 
H5_21_2_069 3.9208 9.5972 0.0740 5.1034 1.5688 
H5_21_2_070 3.9195 9.6208 0.0560 4.9480 1.5930 
H5_21_2_071 3.6868 9.6795 0.0563 5.2491 1.5558 
H5_21_2_072 3.5096 9.6966 0.0807 5.9673 1.5225 
H5_21_2_073 3.6327 9.8254 0.0854 6.4144 1.6366 
H5_21_2_074 3.9055 9.9766 0.0707 5.8572 1.7216 
H5_21_2_075 3.2350 10.0359 0.0610 5.8730 1.7329 
H5_21_2_076 3.4578 10.0024 0.0696 5.7082 1.7475 
H5_21_2_077 3.6515 9.8750 0.0779 5.5472 1.7363 
H5_21_2_078 3.6063 9.9463 0.0743 5.8309 1.7604 
H5_21_2_079 4.0436 9.7944 0.0778 5.4354 1.6251 
H5_21_2_080 4.0016 9.7244 0.0790 5.8332 1.6186 
H5_21_2_081 5.0390 9.5616 0.0999 5.4041 1.5726 
H5_21_2_082 4.0217 9.5997 0.0692 4.9181 1.5508 
H5_21_2_083 5.5417 9.5430 0.1104 4.9521 1.5748 
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H5_21_2_084 4.4129 9.6116 0.1022 5.2163 1.5553 
H5_21_2_085 4.7265 9.5534 0.0874 4.9084 1.5531 
H5_21_2_086 3.7453 9.5135 0.0560 5.2257 1.5269 
H5_21_2_087 4.1107 9.5064 0.0881 5.0509 1.5535 
H5_21_2_088 3.6933 9.5894 0.0631 5.3944 1.5149 
H5_21_2_089 3.5885 9.5722 0.0684 4.9593 1.5506 
H5_21_2_090 3.4290 9.6380 0.0590 5.0699 1.5360 
H5_21_2_091 3.2648 9.6970 0.0593 5.1239 1.5710 
H5_21_2_092 3.0921 9.8082 0.0573 5.4662 1.6275 
H5_21_2_093 3.0426 9.8906 0.0699 5.3785 1.7006 
H5_21_2_095 2.9799 10.0640 0.0697 5.7848 1.7398 
H5_21_2_096 3.1799 9.9547 0.0786 5.6754 1.7152 
H5_21_2_097 2.9958 10.0000 0.0710 5.5274 1.7547 
H5_21_2_098 3.0698 9.9559 0.0686 5.5003 1.7681 
H5_21_2_099 2.9897 9.9851 0.0717 5.6709 1.7685 
H5_21_2_100 2.9855 9.9454 0.0680 5.3856 1.7502 
H5_21_2_101 2.9946 9.9283 0.0724 5.2536 1.7270 
H5_21_2_102 3.0216 9.8037 0.0685 5.0200 1.6664 
H5_21_2_103 3.0853 9.7368 0.0659 4.9563 1.6489 
H5_21_2_104 3.0685 9.6734 0.0723 4.9117 1.6327 
H5_21_2_105 2.9863 9.7504 0.0757 5.0335 1.6476 
H5_21_2_106 2.8891 9.7900 0.0696 5.0006 1.6435 
H5_21_2_107 2.7484 9.9637 0.0710 5.2776 1.7625 
H5_21_2_108 2.7473 9.9813 0.0803 5.2515 1.7787 
H5_21_2_109 2.5954 10.1024 0.0710 5.4093 1.8404 
H5_21_2_110 2.6586 10.0422 0.0714 5.3992 1.8187 
H5_21_2_111 2.7102 9.9514 0.0848 5.2613 1.8361 
H5_21_2_112 2.8090 9.9212 0.0787 5.1218 1.8151 
H5_21_2_113 2.8691 9.8385 0.0849 5.1101 1.7718 
H5_21_2_114a 2.7495 9.8029 0.0831 5.0859 1.7362 
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H5_21_2_115 2.9167 9.8089 0.0797 5.0615 1.6598 
H5_21_2_116 2.8792 9.8166 0.0842 5.1218 1.6803 
H5_21_2_117 2.7606 10.0411 0.0801 5.4750 1.8160 
H5_21_2_118 2.7195 10.0236 0.0724 5.9998 1.7890 
H5_21_2_119 2.7646 10.0277 0.0744 5.7535 1.8293 
H5_21_2_120 2.8032 9.9978 0.0784 5.7634 1.8211 
H5_21_2_121 2.8259 9.8820 0.0940 5.4073 1.7339 
H5_21_2_122 2.9556 9.8096 0.0988 5.7383 1.7085 
H5_21_2_123 3.0466 9.7868 0.0992 5.0131 1.6808 
H5_21_2_124 3.0375 9.8709 0.0990 4.9570 1.7241 
H5_21_2_125 3.1584 9.6655 0.0856 4.7712 1.6247 
H5_21_2_127 3.1464 9.6179 0.0847 4.6967 1.6072 
H5_21_2_129 3.1708 9.6572 0.0782 5.7542 1.5986 
H5_21_2_130 2.9825 9.8204 0.0793 5.1551 1.7020 
H5_21_2_131 2.8907 10.0115 0.0810 5.5795 1.7773 
H5_21_2_132 2.9029 10.0483 0.0895 5.6022 1.8240 
H5_21_2_133 2.9017 9.9606 0.0804 5.5953 1.7641 
H5_21_2_135 3.1269 9.9996 0.0852 5.3182 1.7939 
H5_21_2_136 2.9254 10.0248 0.0845 5.3843 1.7644 
H5_21_2_137 3.1641 9.9251 0.0830 5.4194 1.7519 
H5_21_2_138 3.1089 9.8148 0.0873 5.1977 1.6765 
H5_21_2_139 3.0809 9.7506 0.0838 5.0737 1.6479 
H5_21_2_140 3.0552 9.7983 0.0789 5.0638 1.6399 
H5_21_2_141 3.0110 9.7563 0.0833 4.9269 1.6156 
H5_21_2_142 3.0961 9.8125 0.0802 4.9188 1.6189 
H5_21_2_143 3.0286 9.8355 0.0942 5.3036 1.6102 
H5_21_2_144 3.0477 9.9036 0.0745 5.4182 1.6460 
H5_21_2_145 2.9928 9.9591 0.0771 5.3001 1.6559 
H5_21_2_146 2.9232 10.0042 0.0779 5.5244 1.6514 
H5_21_2_147 2.9011 10.1403 0.0755 6.8708 1.6930 
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H5_21_2_148 2.9623 10.0999 0.0777 5.6204 1.6738 
H5_21_2_149 2.9485 10.0649 0.0787 5.7302 1.6833 
H5_21_2_151 2.9332 10.0049 0.0690 5.6948 1.7211 
H5_21_2_152 2.9689 9.9452 0.0717 5.4577 1.6855 
H5_21_2_153 2.9933 10.0011 0.0772 5.5815 1.7249 
H5_21_2_154 2.9618 9.9633 0.0770 5.7092 1.7331 
H5_21_2_155 3.0287 9.9293 0.0708 5.4828 1.7116 
H5_21_2_156 3.1711 9.8821 0.0755 5.3482 1.6894 
H5_21_2_157 3.1258 9.8022 0.0775 5.2846 1.6201 
H5_21_2_158 3.1950 9.8040 0.0775 5.2858 1.6519 
H5_21_2_159 3.1459 9.7555 0.0733 5.4660 1.6425 
H5_21_2_160 3.2160 9.7018 0.0800 5.7451 1.5944 
H5_21_2_162 3.2980 9.7427 0.0822 5.3751 1.6000 
H5_21_2_163 3.3261 9.7013 0.0773 5.2157 1.5965 
H5_21_2_164 3.1827 9.7315 0.0818 5.5940 1.6282 
H5_21_2_165 3.2167 9.6617 0.0904 5.0690 1.6397 
H5_21_2_166 3.4507 9.7747 0.0874 5.4993 1.6336 
H5_21_2_167 3.6908 9.7476 0.0884 5.2827 1.6097 
H5_21_2_168 3.1958 9.8087 0.0808 5.3961 1.5910 
H5_21_2_169 3.2943 9.8397 0.0793 5.7650 1.5911 
H5_21_2_170 2.8666 9.9198 0.0736 5.6757 1.6444 
H5_21_2_171 2.9159 10.0313 0.0806 5.9454 1.7038 
H5_21_2_172 2.9796 10.0284 0.0861 5.8732 1.6739 
H5_21_2_173 2.8991 10.0868 0.0812 5.9161 1.6767 
H5_21_2_174 2.9361 9.9651 0.0849 6.2191 1.6512 
H5_21_2_175 3.1018 9.9187 0.0826 5.5393 1.6682 
H5_21_2_176 3.1027 9.8544 0.0849 5.3782 1.6336 
H5_21_2_177 3.1555 9.8139 0.0808 5.4710 1.6141 
H5_21_2_178 3.1337 9.7960 0.0772 5.4129 1.6387 
H5_21_2_179 3.1952 9.6957 0.0816 5.3214 1.6115 
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H5_21_2_180 3.2300 9.6760 0.0760 5.6878 1.5596 
H5_21_2_181 3.2347 9.6256 0.0788 4.9970 1.5383 
H5_21_2_182 3.2011 9.6393 0.0796 4.8718 1.5755 
H5_21_2_183 3.3032 9.5949 0.0909 7.9486 1.5612 
H5_21_2_184 3.2530 9.6169 0.0780 4.5025 1.5771 
H5_21_2_185 3.2898 9.5648 0.0804 4.4489 1.5809 
H5_21_2_187 2.9447 9.8909 0.0808 5.3754 1.7344 
H5_21_2_188 2.9532 9.8198 0.0775 5.5032 1.7017 
H5_21_2_189 2.9805 9.9137 0.0786 5.3940 1.6991 
H5_21_2_190 2.9097 9.9436 0.0803 5.5924 1.6867 
H5_21_2_191 2.9587 9.9560 0.0793 5.8469 1.6537 
H5_21_2_192 2.8984 9.9787 0.0818 5.7468 1.6803 
H5_21_2_193 3.0112 9.9815 0.0832 6.2793 1.6691 
H5_21_2_194 3.0190 9.9139 0.0862 6.0040 1.6616 
H5_21_2_195 3.0949 9.9323 0.0813 5.9209 1.6913 
H5_21_2_196 2.9337 10.0345 0.0823 5.5158 1.7653 
H5_21_2_198 3.0986 9.7933 0.0994 5.7913 1.6607 
H5_21_2_199 3.0473 9.8671 0.0904 5.4170 1.6672 
H5_21_2_200 3.8494 9.7034 0.0898 5.4753 1.6021 
H5_21_2_201 3.1733 9.7582 0.0877 5.3441 1.6243 
H5_21_2_202 3.1862 9.7190 0.0793 5.8659 1.6049 
H5_21_2_203 3.2872 9.7096 0.0750 5.2537 1.5784 
H5_21_2_204 3.2300 9.6727 0.0779 5.1404 1.5753 
H5_21_2_205 3.2345 9.6678 0.0805 4.9354 1.6281 
H5_21_2_206 3.3205 9.5583 0.0734 4.7128 1.5657 
H5_21_2_207 3.3331 9.5742 0.0796 4.8645 1.5384 
H5_21_2_208 3.3623 9.5709 0.0851 4.9887 1.5384 
H5_21_2_209 3.2860 9.6163 0.0831 5.3995 1.5453 
H5_21_2_210 3.2241 9.7052 0.0905 5.1528 1.5862 
H5_21_2_211 3.2208 9.6522 0.0912 5.3881 1.5812 
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H5_21_2_212 3.1448 9.6655 0.0848 5.1235 1.6269 
H5_21_2_213 3.0641 9.7158 0.0819 5.1243 1.6391 
H5_21_2_214 3.0036 9.8624 0.0823 5.4725 1.6806 
H5_21_2_215 3.0405 9.8359 0.0874 5.5645 1.6819 
H5_21_2_216 3.0566 9.8699 0.0838 5.9894 1.6703 
H5_21_2_217 2.9961 10.0111 0.0756 5.7177 1.7159 
H5_21_2_218 3.0264 9.9873 0.0743 5.8757 1.7476 
H5_21_2_219 2.9543 10.0261 0.0723 5.9649 1.7123 
H5_21_2_220 3.2267 9.8610 0.0791 6.7639 1.6708 
H5_21_2_222 3.3024 9.7399 0.0706 5.5704 1.6182 
H5_21_2_223 3.3076 9.6809 0.0729 5.4580 1.5616 
H5_21_2_224 3.4469 9.6258 0.0709 5.5183 1.5452 
H5_21_2_225 3.4442 9.6288 0.0740 5.3815 1.5180 
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Appendix 2. PORITES GEOCHEMISTRY 
A 2.1 Modern Porites geochemistry datasets 
Trace element geochemistry data analysed from modern Porites cores, Heron Reef, are presented 
below. Subsamples were milled by hand with a Dremel® rotary tool as detailed in Chapter 6. 
 
Appendix Table 2-1: Geochemical values of cored modern reef slope Porites colonies. 
Sample Sr/Ca (mmol/mol) Mg/Ca (mmol/mol) 
P_HS_1_83 9.0500 4.0730 
P_HS_1_82 9.1480 3.9290 
P_HS_1_81 9.1470 3.9030 
P_HS_1_80 9.2890 3.6470 
P_HS_1_79 9.3290 3.5140 
P_HS_1_78 9.2930 3.6300 
P_HS_1_77 9.1340 3.7060 
P_HS_1_76 9.0860 3.9070 
P_HS_1_75 8.9530 3.9080 
P_HS_1_74 8.9840 3.8830 
P_HS_1_73 8.9970 3.9990 
P_HS_1_72 9.0450 3.8100 
P_HS_1_71 9.0920 3.7820 
P_HS_1_70 9.2360 3.7110 
P_HS_1_69 9.3190 3.3590 
P_HS_1_68 9.3090 3.4450 
P_HS_1_67 9.2750 3.5110 
P_HS_1_66 9.1680 3.6070 
P_HS_1_65 9.0610 3.7220 
P_HS_1_64 9.0250 3.8280 
P_HS_1_63 9.0400 3.8680 
P_HS_1_62 9.0400 3.8740 
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P_HS_1_61 9.0900 3.8720 
P_HS_1_60 9.2150 3.7550 
P_HS_1_59 9.2630 3.5870 
P_HS_1_58 9.3160 3.5040 
P_HS_1_57 9.3440 3.4760 
P_HS_1_56 9.1970 3.6510 
P_HS_1_55 9.0750 3.7410 
P_HS_1_54 9.0420 3.8680 
P_HS_1_53 9.0580 3.7800 
P_HS_1_52 9.1190 3.7450 
P_HS_1_51 9.2290 3.6000 
P_HS_1_50 9.3290 3.3890 
P_HS_1_49 9.3500 3.3680 
P_HS_1_48 9.2870 3.3500 
P_HS_1_47 9.1450 3.6750 
P_HS_1_46 9.0000 3.7420 
P_HS_1_45 9.0000 3.6940 
P_HS_1_44 9.0420 3.9660 
P_HS_1_43 9.1960 3.6960 
P_HS_1_42 9.2660 3.6130 
P_HS_1_41 9.3530 3.4860 
P_HS_1_40 9.2920 3.4590 
P_HS_1_39 9.1560 3.5510 
P_HS_1_38 9.0990 3.5610 
P_HS_1_37 9.0180 3.8330 
P_HS_1_36 8.9860 3.7890 
P_HS_1_35 8.9700 3.8160 
P_HS_1_34 9.1020 3.7990 
P_HS_1_33 9.1880 3.6610 
P_HS_1_32 9.2430 3.4580 
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P_HS_1_31 9.2730 3.5100 
P_HS_1_30 9.2700 3.3800 
P_HS_1_29 9.1240 3.4760 
P_HS_1_28 8.9260 3.8200 
P_HS_1_27 8.9690 3.7840 
P_HS_1_26 9.0830 3.8210 
P_HS_1_25 9.1400 3.7310 
P_HS_1_24 9.2820 3.4290 
P_HS_1_23 9.3600 3.3450 
P_HS_1_22 9.2300 3.4710 
P_HS_1_21 9.0560 3.6600 
P_HS_1_20 8.9840 3.7850 
P_HS_1_19 8.9490 3.9640 
P_HS_1_18 8.9400 3.9830 
P_HS_1_17 8.9940 3.9360 
P_HS_1_16 9.1270 3.8400 
P_HS_1_15 9.2720 3.5330 
P_HS_1_14 9.3330 3.3680 
P_HS_1_13 9.2780 3.5590 
P_HS_1_12 9.2090 3.6240 
P_HS_1_11 9.0570 3.7200 
P_HS_1_10 8.9760 3.7920 
P_HS_1_09 8.9570 3.9490 
P_HS_1_08 9.0120 3.8830 
P_HS_1_07 9.0120 3.9190 
P_HS_1_06 9.0880 3.8660 
P_HS_1_05 9.1640 3.8480 
P_HS_1_04 9.2400 3.6720 
P_HS_1_03 9.2810 3.5190 
P_HS_1_02 9.2220 3.5870 
Appendix 2: Porites geochemistry 
301 
P_HS_1_01 9.0580 3.7650 
P_HS_3_01 8.8879 3.9970 
P_HS_3_02 8.9457 3.9768 
P_HS_3_03 9.0388 4.0163 
P_HS_3_04 9.2244 3.9219 
P_HS_3_05 9.1819 4.0861 
P_HS_3_06 9.0762 4.1276 
P_HS_3_07 8.9467 4.1546 
P_HS_3_08 8.8999 4.2039 
P_HS_3_09 8.9266 4.2590 
P_HS_3_10 9.0542 4.0651 
P_HS_3_11 9.3091 4.2102 
P_HS_3_12 9.2766 4.4175 
P_HS_3_13 9.0441 4.3452 
P_HS_3_14 8.9431 4.0819 
P_HS_3_15 8.9182 4.5655 
P_HS_3_16 9.2000 4.7081 
P_HS_3_17 9.0567 4.7046 
P_HS_3_18 8.9035 4.4284 
P_HS_3_19 8.9798 4.3518 
P_HS_3_20 9.1951 3.6238 
P_HS_3_21 9.2795 3.5749 
P_HS_3_22 9.1819 3.8446 
P_HS_3_23 9.0893 3.9778 
P_HS_3_24 9.0000 4.0676 
P_HS_3_25 8.9300 4.2484 
P_HS_3_26 8.8997 4.2638 
P_HS_3_27 9.1375 3.8703 
P_HS_3_28 9.2952 3.8386 
P_HS_3_29 9.2997 3.7405 
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P_HS_3_30 9.2171 3.7766 
P_HS_3_31 9.1073 4.0361 
P_HS_3_32 8.9922 4.0620 
P_HS_3_33 8.9156 4.0338 
P_HS_3_34 9.0230 3.8659 
P_HS_3_35 9.2238 3.7029 
P_HS_3_36 9.3644 3.7575 
P_HS_3_37 9.2196 3.9576 
P_HS_3_38 8.9997 4.0716 
P_HS_3_39 8.9509 4.1317 
P_HS_3_40 9.0529 3.7731 
P_HS_3_41 8.6082 58.0823 
P_HS_3_42 9.2320 8.5990 
P_HS_3_43 9.0966 9.9650 
P_HS_3_44 8.9048 9.1541 
P_HS_3_45 8.9607 8.7008 
P_HS_3_46 9.0473 8.8325 
P_HS_3_47 9.1462 7.6788 
P_HS_3_48 9.2660 7.4160 
P_HS_3_49 9.2102 8.4719 
P_HS_3_50 8.8861 9.5108 
P_HS_3_51 8.9534 3.9716 
P_HS_3_52 9.1289 3.8814 
P_HS_3_53 9.2866 3.6423 
P_HS_3_54 9.2401 3.7060 
P_HS_3_55 9.1561 3.8265 
P_HS_3_56 9.0290 3.8136 
P_HS_3_57 8.9149 4.0701 
P_HS_3_58 8.9342 3.9999 
P_HS_3_59 7.8585 96.2797 
Appendix 2: Porites geochemistry 
303 
P_HS_3_60 8.3407 66.2813 
P_HS_3_61 9.1014 16.3753 
P_HS_3_62 9.2968 3.5527 
P_HS_3_63 9.3675 3.4354 
P_HS_3_64 9.2678 3.6051 
P_HS_3_65 9.0131 3.9119 
P_HS_3_66 8.8884 4.0962 
P_HS_3_67 9.0189 3.8258 
P_HS_3_68 9.1406 3.5418 
P_HS_3_69 9.2017 3.5582 
P_HS_3_70 9.2903 3.5230 
P_HS_3_71 9.2583 3.6639 
P_HS_3_72 9.1504 3.8858 
P_HS_3_73 9.0492 4.0340 
P_HS_3_74 8.9163 4.1267 
P_HS_3_75 8.9047 4.1758 
P_HS_3_76 8.9696 3.9469 
P_HS_7_01 8.9159 4.0948 
P_HS_7_02 8.8921 3.8938 
P_HS_7_03 8.9853 3.8228 
P_HS_7_04 9.0833 3.6216 
P_HS_7_05 9.1657 3.4934 
P_HS_7_06 9.2627 3.6045 
P_HS_7_07 9.2583 3.4009 
P_HS_7_08 9.2150 3.6560 
P_HS_7_09 9.1593 3.8523 
P_HS_7_10 9.0215 3.8588 
P_HS_7_11 9.0023 3.9902 
P_HS_7_12 8.9644 3.9528 
P_HS_7_13 8.9224 3.7970 
Appendix 2: Porites geochemistry 
304 
P_HS_7_14 8.9411 3.8610 
P_HS_7_15 8.9954 3.7529 
P_HS_7_16 9.1445 3.5528 
P_HS_7_17 9.2255 3.2950 
P_HS_7_18 9.3888 3.2976 
P_HS_7_19 9.3348 3.4895 
P_HS_7_20 9.2457 3.5963 
P_HS_7_21 9.0600 3.6939 
P_HS_7_22 8.9888 3.9176 
P_HS_7_23 8.9729 3.9719 
P_HS_7_24 8.8978 3.9008 
P_HS_7_25 8.9335 3.8179 
P_HS_7_26 8.9761 3.7024 
P_HS_7_27 9.0998 3.5521 
P_HS_7_28 9.2992 3.1926 
P_HS_7_29 9.3308 3.1724 
P_HS_7_30 9.2839 3.4260 
P_HS_7_31 9.1616 3.5645 
P_HS_7_32 9.0345 3.7663 
P_HS_7_33 8.9687 3.7438 
P_HS_7_34 8.9005 3.7136 
P_HS_7_35 8.8836 3.7856 
P_HS_7_36 8.9306 4.0557 
P_HS_7_37 8.9083 3.7005 
P_HS_7_38 9.0107 3.5116 
P_HS_7_39 9.1303 3.3484 
P_HS_7_40 9.2165 3.3161 
P_HS_7_41 9.2498 3.2954 
P_HS_7_42 9.3086 3.3490 
P_HS_7_43 9.2194 3.4560 
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P_HS_7_44 9.0927 3.7691 
P_HS_7_45 8.9721 3.8646 
P_HS_7_46 8.8989 3.9293 
P_HS_7_47 8.8850 3.6623 
P_HS_7_48 8.9386 3.6975 
P_HS_7_49 9.0266 3.5478 
P_HS_7_50 9.0711 3.4510 
P_HS_7_51 9.2009 3.3354 
P_HS_7_52 9.2690 3.2419 
P_HS_7_53 9.2717 3.3001 
P_HS_7_54 9.1837 3.5420 
P_HS_7_55 9.1375 3.5505 
P_HS_7_56 8.9601 3.6075 
P_HS_8_01 8.9554 4.3135 
P_HS_8_02 9.0004 4.2606 
P_HS_8_03 9.0280 4.1648 
P_HS_8_04 9.1966 4.0852 
P_HS_8_05 9.2981 3.7899 
P_HS_8_06 9.2498 3.9688 
P_HS_8_07 9.1031 4.1218 
P_HS_8_08 9.0051 5.3531 
P_HS_8_09 8.9611 5.6174 
P_HS_8_10 8.9465 5.3758 
P_HS_8_11 9.0120 4.1146 
P_HS_8_12 9.1155 3.9142 
P_HS_8_13 9.2150 3.8564 
P_HS_8_14 9.3233 3.4225 
P_HS_8_15 9.3415 3.7673 
P_HS_8_16 9.2426 3.7123 
P_HS_8_17 9.1403 3.9637 
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P_HS_8_18 9.0307 4.2307 
P_HS_8_19 8.9305 4.6161 
P_HS_8_20 8.9218 4.1689 
P_HS_8_21 9.0736 4.3872 
P_HS_8_22 9.1355 3.9141 
P_HS_8_23 9.2479 3.5100 
P_HS_8_24 9.3655 3.5896 
P_HS_8_25 9.2960 3.8859 
P_HS_8_26 9.1893 3.8489 
P_HS_8_27 9.0340 4.1164 
P_HS_8_28 8.9856 4.1783 
P_HS_8_29 8.9073 4.2802 
P_HS_8_30 8.9910 4.1499 
P_HS_8_31 9.0493 3.8466 
P_HS_8_32 9.1606 3.9643 
P_HS_8_33 9.2326 3.5032 
P_HS_8_34 9.2410 3.6804 
P_HS_8_35 9.1421 3.9853 
P_HS_8_36 9.0402 4.1019 
P_HS_8_37 9.0052 4.2401 
P_HS_8_38 8.9768 4.2789 
P_HS_8_39 8.9701 4.5180 
P_HS_8_40 8.2712 74.2588 
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A 2.2 Mid-Holocene Porites dataset 
Trace element geochemistry data analysed from fossil (mid-Holocene) Porites cores, Heron Reef, 
are presented below. Subsamples were milled by hand with a Dremel® rotary tool as detailed in 
Chapter 6. 
 
Appendix Table 2-2: Geochemical values of mid-Holocene Porites core R9C, U-Th dated at 
5,216±0.031(2σ) yrs BP. 
Sample Sr/Ca (mmol/mol) Mg/Ca (mmol/mol) 
R9C_Track_1_1_1 9.081 4.402 
R9C_Track_1_1_2 9.053 4.683 
R9C_Track_1_1_3 9.075 4.478 
R9C_Track_1_1_4 9.041 4.506 
R9C_Track_1_1_5 9.062 4.383 
R9C_Track_1_1_6 9.054 4.651 
R9C_Track_1_1_7 9.167 4.622 
R9C_Track_1_1_8 9.186 4.296 
R9C_Track_1_1_9 9.255 5.245 
R9C_Track_1_1_10 9.320 4.438 
R9C_Track_1_1_11 9.235 3.912 
R9C_Track_1_1_12 9.078 4.223 
R9C_Track_1_1_13 9.042 4.483 
R9C_Track_1_1_14 9.069 4.409 
R9C_Track_1_1_15 9.078 4.411 
R9C_Track_1_1_16 9.046 4.389 
R9C_Track_1_1_17 9.107 4.227 
R9C_Track_1_1_18 9.135 4.074 
R9C_Track_1_1_19 9.287 3.675 
R9C_Track_1_1_20 9.300 3.661 
R9C_Track_1_1_21 9.184 4.264 
R9C_Track_1_1_22 9.124 4.349 
R9C_Track_1_1_23 9.134 4.384 
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R9C_Track_1_1_24 9.120 4.307 
R9C_Track_1_1_25 9.086 4.240 
R9C_Track_1_1_26 9.072 4.495 
R9C_Track_1_1_27 9.143 4.218 
R9C_Track_1_1_28 9.261 3.859 
R9C_Track_1_1_29 9.321 3.479 
R9C_Track_1_1_30 9.367 3.384 
R9C_Track_1_1_31 9.222 3.808 
R9C_Track_1_1_32 9.095 4.284 
R9C_Track_1_1_33 9.055 4.325 
R9C_Track_1_1_34 9.060 4.357 
R9C_Track_1_1_35 9.076 4.442 
R9C_Track_1_1_36 9.102 4.324 
R9C_Track_1_1_37 9.106 4.429 
R9C_Track_1_1_38 9.190 4.082 
R9C_Track_1_1_39 9.250 3.714 
R9C_Track_1_1_40 9.340 3.475 
R9C_Track_1_1_41 9.306 3.532 
R9C_Track_1_1_42 9.138 4.029 
R9C_Track_1_1_43 9.097 4.173 
R9C_Track_1_2_48 9.084 4.323 
R9C_Track_1_2_49 9.011 4.425 
R9C_Track_1_2_50 9.039 4.379 
R9C_Track_1_2_51 9.117 4.089 
R9C_Track_1_2_52 9.346 3.523 
R9C_Track_1_2_53 9.286 3.638 
R9C_Track_1_2_54 9.18 4.002 
R9C_Track_1_2_55 9.118 4.092 
R9C_Track_1_2_56 9.131 4.324 
R9C_Track_1_2_57 9.073 4.403 
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R9C_Track_1_2_58 9.079 4.222 
R9C_Track_1_2_59 9.071 4.136 
R9C_Track_1_2_60 9.32 3.63 
R9C_Track_1_2_61 9.262 3.506 
R9C_Track_1_2_62 9.103 4.069 
R9C_Track_1_2_63 9.102 4.277 
R9C_Track_1_2_64 9.041 4.293 
R9C_Track_1_2_65 9.088 4.312 
R9C_Track_1_2_66 9.046 4.344 
R9C_Track_1_2_67 9.056 4.561 
R9C_Track_1_2_68 9.024 4.474 
R9C_Track_1_2_69 9.181 4.047 
R9C_Track_1_2_70 9.341 3.455 
R9C_Track_1_2_71 9.33 3.539 
R9C_Track_1_2_72 9.173 4.042 
R9C_Track_1_2_73 9.057 4.137 
R9C_Track_1_2_74 9.065 4.316 
R9C_Track_1_2_75 9.03 4.233 
R9C_Track_1_2_76 9.146 3.989 
R9C_Track_1_2_77 9.265 3.654 
R9C_Track_1_2_78 9.223 3.647 
R9C_Track_1_2_79 9.109 3.991 
R9C_Track_1_2_80 9.044 4.075 
R9C_Track_1_2_81 9.049 4.315 
R9C_Track_1_2_82 9.023 4.29 
R9C_Track_1_2_83 9.183 3.973 
R9C_Track_1_2_84 9.303 3.639 
R9C_Track_1_2_85 9.106 4.02 
R9C_Track_1_2_86 9.049 4.266 
R9C_Track_1_2_87 9.034 4.324 
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R9C_Track_2_88 9.309 4.133 
R9C_Track_2_89 9.257 3.896 
R9C_Track_2_90 9.249 3.934 
R9C_Track_2_91 9.265 4.732 
R9C_Track_2_92 9.221 3.952 
R9C_Track_2_93 9.262 3.96 
R9C_Track_2_94 9.192 3.958 
R9C_Track_2_95 9.282 3.93 
R9C_Track_2_96 9.252 3.815 
R9C_Track_2_97 9.29 3.964 
R9C_Track_2_98 9.333 3.832 
R9C_Track_2_99 9.338 3.562 
R9C_Track_2_100 9.359 3.392 
R9C_Track_2_101 9.41 3.374 
R9C_Track_2_102 9.369 3.403 
R9C_Track_2_103 9.33 3.461 
R9C_Track_2_104 9.292 3.603 
R9C_Track_2_105 9.256 3.718 
R9C_Track_2_106 9.278 3.758 
R9C_Track_2_107 9.209 3.832 
R9C_Track_2_108 9.253 3.867 
R9C_Track_2_109 9.225 3.866 
R9C_Track_2_110 9.228 4.088 
R9C_Track_2_111 9.23 3.912 
R9C_Track_2_112 9.246 3.907 
R9C_Track_2_113 9.261 3.855 
R9C_Track_2_114 9.301 3.817 
R9C_Track_2_115 9.294 3.685 
R9C_Track_2_116 9.36 3.454 
R9C_Track_2_117 9.357 3.433 
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R9C_Track_2_118 9.305 3.46 
R9C_Track_2_119 9.278 3.68 
R9C_Track_2_120 9.219 3.813 
R9C_Track_2_121 9.138 3.851 
R9C_Track_2_122 9.211 3.863 
R9C_Track_2_123 9.19 3.965 
R9C_Track_2_124 9.214 4.044 
R9C_Track_2_125 9.201 4.032 
R9C_Track_2_126 9.224 3.947 
R9C_Track_2_127 9.21 3.987 
R9C_Track_2_128 9.255 3.884 
R9C_Track_2_129 9.325 3.778 
R9C_Track_2_130 9.345 3.555 
R9C_Track_2_131 9.4 3.582 
R9C_Track_2_132 9.383 3.354 
R9C_Track_2_133 9.298 3.682 
R9C_Track_2_134 9.241 3.879 
R9C_Track_2_135 9.221 3.897 
R9C_Track_2_136 9.163 3.955 
R9C_Track_2_137 9.163 3.968 
R9C_Track_2_138 9.124 4.18 
R9C_Track_2_139 9.121 4.03 
R9C_Track_2_140 9.194 3.884 
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Appendix Table 2-3: Geochemical values of mid-Holocene Porites core R15B3, U-Th dated at 
6,962±0.044(2σ) years BP. 
Sample Sr/Ca (mmol/mol) Mg/Ca (mmol/mol) 
R15B3_Track_1_1 9.314 3.543 
R15B3_Track_1_2 9.261 3.644 
R15B3_Track_1_3 9.076 3.523 
R15B3_Track_1_4 9.073 3.59 
R15B3_Track_1_5 9.069 3.579 
R15B3_Track_1_6 9.149 3.477 
R15B3_Track_1_7 9.34 3.294 
R15B3_Track_1_8 9.427 2.987 
R15B3_Track_1_9 9.292 3.154 
R15B3_Track_1_10 9.2 3.368 
R15B3_Track_1_11 9.039 3.492 
R15B3_Track_1_12 9.03 3.575 
R15B3_Track_1_13 9.056 3.517 
R15B3_Track_1_14 9.175 3.38 
R15B3_Track_1_15 9.334 3.134 
R15B3_Track_1_16 9.363 3.065 
R15B3_Track_1_17 9.251 3.085 
R15B3_Track_1_18 9.159 3.363 
R15B3_Track_1_19 9.043 3.526 
R15B3_Track_1_20 9.093 3.428 
R15B3_Track_1_21 9.117 3.334 
R15B3_Track_1_22 9.33 2.966 
R15B3_Track_1_23 9.345 2.922 
R15B3_Track_1_24 9.284 3.129 
R15B3_Track_1_25 9.097 3.337 
R15B3_Track_1_26 9.054 3.372 
R15B3_Track_1_27 9.056 3.385 
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R15B3_Track_1_28 9.216 3.302 
R15B3_Track_1_29 9.34 3.048 
R15B3_Track_1_30 9.287 3.167 
R15B3_Track_1_31 9.217 3.23 
R15B3_Track_1_32 9.043 3.378 
R15B3_Track_1_33 9.084 3.44 
R15B3_Track_1_34 9.102 3.376 
R15B3_Track_1_35 9.317 3.031 
R15B3_Track_1_36 9.288 3.158 
R15B3_Track_1_37 9.087 3.4 
R15B3_Track_1_38 9.214 3.402 
R15B3_Track_1_39 9.033 3.586 
R15B3_Track_1_40 8.991 3.627 
R15B3_Track_1_41 9.057 3.633 
R15B3_Track_1_42 9.123 3.522 
R15B3_Track_1_43 9.243 3.349 
R15B3_Track_1_44 9.253 3.333 
R15B3_Track_1_45 9.332 3.094 
R15B3_Track_1_46 9.304 3.147 
R15B3_Track_1_47 9.105 3.432 
R15B3_Track_1_48 9.038 3.415 
R15B3_Track_1_49 9.102 3.553 
R15B3_Track_1_50 9.148 3.352 
R15B3_Track_1_51 9.302 3.192 
R15B3_Track_1_52 9.229 3.019 
R15B3_Track_1_53 9.195 3.27 
R15B3_Track_1_54 9.149 3.434 
R15B3_Track_1_55 9.202 3.347 
R15B3_Track_1_56 9.245 3.19 
R15B3_Track_1_57 9.259 3.282 
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R15B3_Track_1_58 9.341 2.954 
R15B3_Track_1_59 9.275 3.082 
R15B3_Track_1_60 9.105 3.226 
R15B3_Track_1_61 9.136 3.329 
R15B3_Track_1_62 9.169 3.365 
R15B3_Track_1_63 9.356 3.05 
R15B3_Track_1_64 9.355 2.951 
R15B3_Track_1_65 9.276 3.051 
R15B3_Track_1_66 9.193 3.357 
R15B3_Track_1_67 9.256 3.145 
R15B3_Track_1_68 9.383 2.84 
R15B3_Track_1_69 9.319 2.97 
R15B3_Track_1_70 9.157 3.162 
R15B3_Track_1_71 9.216 3.097 
R15B3_Track_1_72 9.305 2.995 
R15B3_Track_2_73 9.305 3.275 
R15B3_Track_2_74 9.126 3.546 
R15B3_Track_2_75 9.017 3.653 
R15B3_Track_2_76 8.98 3.639 
R15B3_Track_2_77 9.067 3.522 
R15B3_Track_2_78 9.096 3.611 
R15B3_Track_2_79 9.214 3.495 
R15B3_Track_2_80 9.253 3.147 
R15B3_Track_2_81 9.247 3.277 
R15B3_Track_2_82 9.112 3.359 
R15B3_Track_2_83 9.196 3.441 
R15B3_Track_2_84 9.048 3.506 
R15B3_Track_2_85 9.086 3.557 
R15B3_Track_2_86 9.119 3.418 
R15B3_Track_2_87 9.248 3.317 
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R15B3_Track_2_88 9.276 3.18 
R15B3_Track_2_89 9.24 3.322 
R15B3_Track_2_90 9.04 3.609 
R15B3_Track_2_91 9.121 3.558 
R15B3_Track_2_92 9.193 3.422 
R15B3_Track_2_93 9.332 3.206 
R15B3_Track_2_94 9.318 3.256 
R15B3_Track_2_95 9.123 3.46 
R15B3_Track_2_96 9.072 3.497 
R15B3_Track_2_97 9.013 3.516 
R15B3_Track_2_98 9.018 3.584 
R15B3_Track_2_99 9.091 3.604 
R15B3_Track_2_100 9.328 3.033 
R15B3_Track_2_101 9.267 3.258 
R15B3_Track_2_102 9.112 3.325 
R15B3_Track_2_103 9.087 3.412 
R15B3_Track_2_104 9.014 3.559 
R15B3_Track_2_105 9.023 3.634 
R15B3_Track_2_106 9.084 3.604 
R15B3_Track_2_107 9.217 3.271 
R15B3_Track_2_108 9.288 3.12 
R15B3_Track_2_109 9.092 3.343 
R15B3_Track_2_110 9.048 3.387 
R15B3_Track_2_111 8.943 3.499 
R15B3_Track_2_112 9.011 3.593 
R15B3_Track_2_113 9.053 3.512 
R15B3_Track_2_114 9.223 3.338 
R15B3_Track_2_115 9.262 3.243 
R15B3_Track_2_116 9.231 3.4 
R15B3_Track_2_117 9.115 3.454 
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R15B3_Track_2_118 9.049 3.452 
R15B3_Track_2_119 9.042 3.507 
R15B3_Track_2_120 9.072 3.597 
R15B3_Track_2_121 9.215 3.38 
R15B3_Track_2_122 9.337 3.133 
R15B3_Track_2_123 9.274 3.151 
R15B3_Track_2_124 9.162 3.321 
R15B3_Track_2_125 9.084 3.373 
R15B3_Track_2_126 8.995 3.436 
R15B3_Track_2_127 9.145 3.416 
R15B3_Track_2_128 9.216 3.164 
R15B3_Track_2_129 9.326 3.178 
R15B3_Track_2_130 9.11 3.369 
R15B3_Track_2_131 9.063 3.518 
R15B3_Track_2_132 9.029 3.392 
R15B3_Track_2_133 9.202 3.358 
R15B3_Track_2_134 9.309 3.098 
R15B3_Track_2_135 9.327 3.137 
R15B3_Track_2_136 9.173 3.319 
R15B3_Track_2_137 9.118 3.389 
R15B3_Track_2_138 9.126 3.307 
R15B3_Track_2_139 9.329 2.974 
R15B3_Track_2_140 9.215 3.159 
R15B3_Track_2_141 9.186 3.405 
R15B3_Track_2_142 9.289 3.135 
R15B3_Track_2_143 9.363 2.974 
R15B3_Track_2_144 9.104 3.224 
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Appendix 3. GEOCHEMICAL AGE MODEL 
 
Further details of the age model interpolation applied to all modern geochemical datasets are 
provided below. 
 
 
Appendix Figure 3-1: Stages of sample depth–time conversion. Peaks and troughs used as anchor 
points in the calibration are isolated, with linear interpolation applied to the bounded data providing 
a monthly sampling resolution (red circles). Data shown is from the slope collected corymbose 
Acropora colony, AR_HS_3. 
 
 
 
Appendix Figure 3-2: Stages of sample depth –time conversion. Replotting of the interpolated 
monthly dataset provides a regular time axis, removing the narrow summer peaks seen in Appendix 
Figure 3-1. Note that there is no change in the data values of anchor points used in the proxy 
calibration. Data shown is from the slope collected corymbose Acropora colony, AR_HS_3. 
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Appendix 4. MODERN ACROPORA COMPUTED TOMOGRAPHY 
Due to the associated difficulties of identifying Acropora colonies down to the species level, 
especially within reef cores, we collected specimens of common corymbose stored at the 
Queensland Museum for CT scanning. These examples do not show extensive deposits of inter-
branch skeleton, however, imagery may be compared to core CT images for species identification. 
 
A 4.1 Acropora digitifera 
A 4.1.1 Heron Island 
 
Appendix Figure 4-1: 3D surface model of Acropora digitifera.  
 
 
Appendix Figure 4-2: Computed tomography ‘slice’ of Acropora digitifera.  
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A 4.1.2 Oyster Cay 
 
Appendix Figure 4-3: 3D surface model of Acropora digitifera. 
 
 
Appendix Figure 4-4: Computed tomography ‘slice’ of Acropora digitifera. 
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A 4.2 Acropora humilis 
A 4.2.1 Coates Reef 
 
Appendix Figure 4-5: 3D surface model of Acropora humilis. 
 
 
Appendix Figure 4-6: Computed tomography ‘slice’ of Acropora humilis. 
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A 4.2.2 Great Detached Reef 
 
Appendix Figure 4-7: 3D surface model of Acropora humilis. 
 
 
Appendix Figure 4-8: Computed tomography ‘slice’ of Acropora humilis. 
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A 4.3 Acropora hyacinthus 
A 4.3.1 Bramble Cay 
 
Appendix Figure 4-9: 3D surface model of Acropora hyacinthus. 
 
 
Appendix Figure 4-10: Computed tomography ‘slice’ of Acropora hyacinthus. 
  
Appendix 4: Acropora CT 
323 
A 4.4 Acropora millepora 
A 4.4.1 Heron Reef (1) 
 
Appendix Figure 4-11: 3D surface model of Acropora millepora. 
 
 
Appendix Figure 4-12: Computed tomography ‘slice’ of Acropora millepora. 
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A 4.4.2 Heron Reef (2) 
 
Appendix Figure 4-13: 3D surface model of Acropora millepora. 
 
 
Appendix Figure 4-14: Computed tomography ‘slice’ of Acropora millepora. 
